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PREFACE 
Most  o f  t h e  s c i e n t i f i c  work per formed a t  CALTECH t o  f u l f i l l  t h e  
requ i rements  o f  my t h e s i s  i s  a l r e a d y  p u b l i s h e d  ( o r  accepted f o r  
p u b l i c a t i o n )  i n  j o u r n a l s .  To make t h i s  t h e s i s  a  comprehensive 
p r e s e n t a t i o n  o f  my work, a  separa te  l i s t  (Reference 11) i s  i nc luded ,  
wh ich r e f e r e n c e s  o n l y  my own p u b l i c a t i o n s  t h a t  a r e  r e l e v a n t  t o  t h i s  
t h e s i s .  These p u b l i c a t i o n s  c o n s t i t u t e  an i n t e g r a l  p a r t  o f  t h e  t h e s i s .  
Due t o  t h e  requ i rements  o f  t h e  U n i v e r s i t y  M i c r o f i l m s  I n t e r n a t i o n a l ,  
t h e s e  p u b l i c a t i o n s  cannot  be reproduced s i n c e  t h e  reduced l e t t e r  s i z e  o f  
a  r e p r i n t  i s  unaccep tab le  f o r  m i c r o f i l m  r e p r o d u c t i o n .  The papers a r e  
p u b l i s h e d  i n  t h e  f o l l o w i n g  j o u r n a l s :  THIN SOLID FILMS, JOURNAL OF 
VACUUM SCIENCE & TECHNOLOGY, APPLIED PHYSICS LETTERS, JOURNAL OF APPLIED 
PHYSICS, APPLIED PHYSICS A, JOURNAL OF ELECTROCHEMICAL SOCIETY, JOURNAL 
OF ELECTRONIC MATERIALS, and IEEE ELECTRON DEVICES LETTERS, and a r e  
a v a i l a b l e  t o  t h e  s c i e n t i f i c  community. For  t h e  convenience o f  t h e  
t h e s i s  examina t ion  committee, a  s e t  o f  r e p r i n t s  o f  a l l  my r e l e v a n t  
p a p e r s  has been a t t a c h e d  t o  t h i s  t h e s i s .  One m a n u s c r i p t  t h a t  has been 
a c c e p t e d  f o r  p u b l i c a t i o n  and i s  i n  press,  b u t  n o t  a v a i l a b l e  as r e p r i n t  
y e t ,  i s  i n c l u d e d  as an Appendix. 
ABSTRACT 
The p o t e n t i a l  r o l e  o f  s i l i c i d e s  i n  VLSI ( v e r y  l a r g e  s c a l e  
i n t e g r a t i o n )  S i  t e c h n o l o g y  i s  d e s c r i b e d .  A  s u r v e y  o f  t r e n d s  and  
r e q u i r e m e n t s  exposes two d i f f i c u l t  t e c h n o l o g i c a l  i s s u e s  as t h e  d e v i c e  
d imens ions  s h r i n k :  c o n t a c t s  t o  t h e  i n d i v i d u a l  d e v i c e s  and 
i n t e r c o n n e c t i o n s  between dev ices  o r  f u n c t i o n a l  b l o c k s  on t h e  Si c h i p .  
For  bo th ,  s i l i c i d e s  p l a y  an i m p o r t a n t  r o l e .  
The c o n t a c t  between t h e  S i  t h a t  c o n t a i n s  t h e  d e v i c e  and t h e  t o p  A1 
l a y e r  (A1 i s  t h e  p r e f e r r e d  meta l  f o r  m e t a l l i z a t i o n )  has t o  be t h e r m a l l y  
s t a b l e ,  r e p r o d u c i b l e ,  r e l i a b l e ,  and have l o w  c o n t a c t  r e s i s t i v i t y .  A f t e r  
a  b r i e f  su rvey  o f  t h e  a v a i l a b l e  d i f f u s i o n  b a r r i e r s  des igned t o  suppress 
t h e  A1 i n t e r a c t i o n  w i t h  S i ,  1 c o n c e n t r a t e  on t h e  s a c r i f i c i a l  b a r r i e r  
s t r u c t u r e .  The g e n e r a l i z e d  l a y e r e d  s t r u c t u r e  approach, u t i l i z i n g  
S i / s i l i c i d e / s a c r i f i c i a l  b a r r i e r / A l ,  i s  ana lyzed  w i t h  T i ,  V, o r  C r  as t h e  
s a c r i f i c i a l  b a r r i e r  m a t e r i a l .  A s t u d y  o f  Cr as a  b a r r i e r  between A1 and 
N i s i ,  Pd2Si, o r  P t S i  r e v e a l s  t h a t  i m p u r i t i e s  i n  t h e  as -depos i ted  C r  f i l m  
d e t e r m i n e  t h e  b a r r i e r  p r o p e r t i e s .  The c o n c e p t  o f  t h e  s a c r i f i c i a l  
b a r r i e r  i s  c r i t i c a l l y  reexamined i n  t h e  l i g h t  o f  t h e s e  r e s u l t s .  A s tudy  
o f  a  t h i n  W l a y e r ,  wh ich i s  p robab ly  a  s t u f f e d  b a r r i e r ,  as a  b a r r i e r  
b e t w e e n  N i s i  and  A1 i s  r e p o r t e d .  An o u t l o o k  t o  f u t u r e  t r e n d s  and 
approaches conc ludes t h i s  p a r t  o f  t h e  t h e s i s .  
A m a j o r  a t t r i b u t e  o f  s i l i c i d e s  as  i n t e r c o n n e c t i o n  m a t e r i a l  i s  t h e i r  
c a p a b i l i t y  t o  f o r m  S i 0 2  upon t h e r m a l  o x i d a t i o n .  A s t u d y  o f  t h e  
o x i d a t i o n  c h a r a c t e r i s t i c s  o f  near -nob le  meta l  s i l i c i d e s  (Co, N i ,  Pd, and 
P t )  i s  p resen ted  i n  t h e  second p a r t  o f  t h i s  t h e s i s .  The o x i d a t i o n  
k i n e t i c s  and t h e  mass t r a n s p o r t  t h r o u g h  t h e  s i l i c i d e  d u r i n g  o x i d a t i o n  
a r e  e x p l o r e d .  The r o l e  o f  mass t r a n s p o r t  i n  t h e  o x i d a t i o n  k i n e t i c s  i s  
r e v i e w e d  i n  t h e  l i g h t  o f  a l l  t h e  r e p o r t e d  exper imen ta l  r e s u l t s .  The 
e f f e c t  o f  o x i d a t i o n  on: a)  t h e  e p i t a x i a l  r e g i s t r a t i o n  o f  a  s i l i c i d e  on 
< I l l >  S i  s u b s t r a t e  ( N i s i 2 ,  CoSi2 and Pd2Si) ,  and b )  t h e  e l e c t r i c a l  
r e s i s t i v i t y  ( N i s i 2  and CoSi2) ,  i s  exp lored.  P r o p e r t i e s  o f  S i02 grown on 
d i f f e r e n t  ( T i ,  Co, N i ,  Pd and P t )  s i l i c i d e s  a r e  found t o  be t h e  same as 
6 f o r  S i 0 2  grown on S i  s u b s t r a t e s ,  except  f o r  t h e  l o w e r  (2 .1 .5~10 V/cm) 
d i e l e c t r i c  breakdown. A p r e l i m i n a r y  imp lementa t ion  o f  i n t e r c o n n e c t i o n s  
w i t h  N i s i 2  demonstrates t h e  a p p l i c a b i l t y  o f  t h i s  s i l i c i d e  f o r  VLSI. 
F i n a l l y ,  a  nove l  i n t e r c o n n e c t i o n  scheme i s  advanced as a  p o s s i b l e  method 
t o  produce s e l f - c o n f i n e d  meta l  i n t e r c o n n e c t i o n  l i n e s .  
- v i  - 
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INTRODUCTION 
To a p p r e c i a t e  t h e  p o t e n t i a l  c o n t r i b u t i o n  o f  s i l i c i d e s  as  a  
v a l u a b l e  m a t e r i a l  f o r  VLSI ( v e r y  l a r g e  s c a l e  i n t e g r a t i o n )  a p p l i c a t i o n ,  
a n  i n - d e p t h  s u r v e y  o f  t h e  needs  and  r e q u i r e m e n t s  o f  t h i s  advanced  
t e c h n o l o g y  i s  c a l l e d  f o r .  I n  t h i s  i n t r o d u c t i o n ,  I i n t e n d  t o  h i g h l i g h t  
t h e  t e c h n o l o g i c a l  f r o n t i e r s  i n  VLSI imp lementa t ion .  I c o n c e n t r a t e  
m a i n l y  on those  aspec ts  where s i l i c i d e s  may p l a y  a  dominant r o l e  i n  t h e  
f u t u r e .  T h i s  approach w i l l  p l a c e  i n  a  p r o p e r  p e r s p e c t i v e  my d e t a i l e d  
exper imen ta l  work d e s c r i b e d  i n  t h i s  t h e s i s .  
W i th  t h e  advances i n  techno logy ,  t h e  i n t e g r a t e d  c i r c u i t  (I.C.) c h i p  
s i z e ,  c o m p l e x i t y ,  and d e v i c e  pack ing  d e n s i t y  a r e  c o n t i n u o u s l y  
i n c r e a s i n g .  Dev ice s c a l i n g  i s  b e i n g  e x t e n s i v e l y  mpT oyed t o  improve 
c h i p  d e n s i t y  and d e v i c e  performance. H i s t o r i c a l  t r e n d s  a n a l y s i s  
e x t e n d i n g  about 20 y e a r s  back i n  t i m e  i s  p o p u l a r  i n  t h e  I . C .  t e c h n i c a l  
community.  Trends a r e  u s u a l l y  p l o t t e d  l o g a r i t h m i c a l l y  i n  o r d e r  t o  
survey t h e  p rog ress  and ana lyze t h e  s h o r t  t e rm f u t u r e .  The 
t e c h n o l o g i c a l  advances and d e v i c e  mode l ing  p rog ress  have enab led 
d e s i g n e r s  t o  reduce t h e  minimum f e a t u r e  s i z e  A by a  f a c t o r  o f  1.14 a  
y e a r  s i n c e  1968. The min imum f e a t u r e  s i z e  c a n  b e  f i t t e d  t o  t h e  
f o l l  owing form (1,2)  
X = 10 exp I -0 .135(year -1968) l  um (1) 
w h i c h  adequa te l y  p resen ts  t h e  pas t  s i n c e  1968, and p r o j e c t s  submicron 
f e a t u r e s  i n  1985 - an o p t i m i s t i c  f o r e c a s t .  On t h e  o t h e r  hand, t h e  
i m p r o v e d  m a n u f a c t u r i n g  procedures a r e  c o n t i n u o u s l y  r e d u c i n g  t h e  nunber 
2  o f  d e f e c t s  pe r  cm , t h u s  making p o s s i b l e  l a r g e r  c h i p  s i z e s .  The c h i p  
s i z e  (2. i s  growing by  a  f a c t o r  o f  1.08 pe r  year .  The f i t t e d  
f o r m u l a  
JR = 0.26 exp[O.O8(year-1968)l cm ( 2 )  
i s  a p p l i c a b l e .  (The e x p o n e n t i a l  f a c t o r  0.08 i s  t h e  average over  t h e  
d a t a  r e p r e s e n t e d  i n  R e f s .  1 a n d  2.) F o r  s i m p l i c i t y ,  I t r e a t  t h e  
t e c h n o l o g i c a l  i m p l i c a t i o n  o f  r e d u c i n g  X and enhancing A s e p a r a t e l y .  
It i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  s c a l i n g  has been used i n  two 
d i f f e r e n t  ways i n  t h e  I . C .  i n d u s t r y .  The f i r s t  a p p l i c a t i o n  i s  a n  
o p t i c a l  s h r i n k a g e  o f  an e x i s t i n g  l a y o u t .  The l i n e a r  d imensions ( 1 )  and 
2  t h e  c h i p  a r e a  ( A )  a r e  s c a l e d  down b y  a  f a c t o r  o f  k  ( > I )  and  k , 
r e s p e c t i v e l y .  Here, t h e  p r i m a r y  goa l  i s  t o  i n c r e a s e  t h e  t o t a l  number o f  
good c h i p s  pe r  wafer.  T h i s  s c a l i n g  i s  p r i m a r i l y  m o t i v a t e d  by  c o s t ;  t h e  
i m p r o v e d  d e v i c e  performance i s  a  bonus. On t h e  o t h e r  hand, s c a l i n g  i s  
a l s o  used t o  r a i s e  d e v i c e  performance and c h i p  d e n s i t y ,  by i n c r e a s i n g  
t h e  s i z e  o f  memory c h i p s  o r  t h e  c o m p l e x i t y  o f  l o g i c  ch ips .  I n  t h i s  
c a s e ,  t h e  a c t u a l  c h i p  s i z e  i n c r e a s e s  t o  t h e  l i m i t  s e t  by techno logy  and 
2  y i e l d ,  and t h e  area i s  sca led  up by  a  f a c t o r  o f  M  ( M > l ) .  
I n  t h e  f o l l o w i n g ,  I focus  my a t t e n t i o n  on IGFET ( i s o l a t e d  g a t e  
f i e l d  e f f e c t  t r a n s i s t o r )  dev ices  sca l  i n g ,  b u t  t h e  genera l  t r e n d  a1 so 
a p p l i e s  f o r  b i p o l a r  dev ices .  The IGFET techno logy  i s  t h e  h i g h  d e n s i t y  
" s t a t e  o f  t h e  a r t "  w i t h  r e g a r d  t o  t h e  number o f  dev ices  pe r  c h i p .  
The t h e o r y  on s c a l i n g  down IGFET d e v i c e s  was i n t r o d u c e d  more t h a n  
10 y e a r s  a g o ( 3 ) .  The t r a n s i s t o r  s c a l i n g  r e l a t i o n s  a r e  shown i n  TABLE I, 
( t h e  parameters a r e  d e f i n e d  i n  f i g .  1 )  f o r  b o t h  cons tan t  f i e l d  and 
c o n s t a n t  v o l t a g e  c o n d i t i o n s .  The c o n s t a n t  f i e l d  c o n d i t i o n  r e p r e s e n t s  an 
i d e a l  case w h i l e  t h e  c o n s t a n t  v o l t a g e  r e p r e s e n t s  a  r e a l i s t i c  
i m p l e m e n t a t i o n  - where e x i s t i n g  power suppply  and c i r c u i t  requ i rements  
i m p o s e  t h e  c o n s t a n t  5 V supp ly .  The i m p o r t a n t  enhancement o f  d e v i c e  
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TABLE I 
The e f f e c t  o f  s c a l i n g  on per formance parameters  
( k > l  , M > 1  ) 
...................................................................... 
1 PARAMETER ICONSTANT FIELD 1 CONSTANT VOLTAGE 1 
l-----l----------------------l---------------l------------------------------- 1 
1 1 1 1 1 
1 I 1 C u r r e n t  I 1 l / k  1 k 1 
I S 1  1 1 1 
1 T 1 Power 1 l / k 2  1 k 1 
1 0 1  1 1 1 
1 R 1 Power p e r  u n i t  Area 1 1 1 k3 1 
1 1 1 1 1 
1 1 Gate De lay  T ' L C - V / I I  l / k  1 l / k 2  1 9 l-----l----------------------l---------------l------------------------------- 1 
1 1 1 1 1 
1 J % I / ( W . t )  1 k 1 k3 1 k2 1 
1-I 1 1 1 1 
1 Chi D Area 1 l / k 2  1 M2 1 l / k 2  1 M~ 1 l / k 2  1 M2 1 
I . . 1 1 1 1 1 1 1 1 
1 V 1 / V  'L R1. I I V  1 k 1 ~ k '  1 k2 1 Mk3 1 k 1 Mk2 1 
1 1 1 1 1 1 1 1 
1 Cls ~ " d . l / h  1 l / k  1 M 1 k 1 M 1 1 / k 2 1  M/k 1 
1 1 1 1 1 1 1 1 
1 L i n e  De lay  T~ x Rl -CI I  1 1 n2kZ 1 1 1 n2k2 1 l / k 2  1 M' 1 
1 1 1 1 1 1 1 
1 T , / T  1 k 1 Milk3 1 k2  1 M2k4 1 1 1 M2k2 1 
1 SUBSTATE I 
IGFET TRANSISTOR INTERCONNECTION 
F i g u r e  1 Schematic d e s c r i p t i o n  o f  IGFET d e v i c e  and p a r t  o f  an 
i n t e r c o n n e c t i o n  l i n e .  Dimensions and parameters a r e  
d e f i n e d  f o r  TABLE I. 
per formance,  t h e  r e d u c t i o n  o f  t h e  g a t e  d e l a y  T i s  ach ieved i n  b o t h  9 '  
cases.  
The e f f e c t  o f  s c a l i n g  on c o n t a c t  parameters i s  a l s o  d e p i c t e d  i n  
Tab le  I .  As dimensions s h r i n k ,  t h e  c u r r e n t  d e n s i t y  a t  t h e  c o n t a c t  area 
i n c r e a s e s  and t h e  no rma l i zed  v o l t a g e  d r o p  ac ross  t h e  c o n t a c t  ( V c / V ) ,  
w h i c h  i n f l u e n c e s  t h e  n o i s e  marg ins  i n  t h e  c i r c u i t ,  i s  increased.  It i s  
c l e a r  t h a t ,  i n  o r d e r  t o  m a i n t a i n  c i r c u i t  performances, t h e  c o n t a c t  
r e s i s t i v i t y ,  PC, shou ld  be m i n i m i  zed. Contact  r e 1  i a b i l  i t y  poses ano the r  
severe  requ i rement .  Accord ing t o  Ref. 4, t h e  median e l e c t r o m i g r a t i o n  
l i f e t i m e  goes as % ( J ~ ) - " .  T h i s  s e n s i t i v i t y  t o  t h e  c u r r e n t  d e n s i t y  
makes A1 u n s u i t a b l e  f o r  smal l  c o n t a c t  area.  S o l u t i o n s  t o  t h i s  problem 
and  t h e  r o l e  t h a t  s i l i c i d e s  m i g h t  p l a y  i n  i t  a r e  d i scussed  i n  t h e  f i r s t  
p a r t  o f  my t h e s i s .  
The s t r i k i n g  e f f e c t  o f  s c a l i n g  on i n t e r c o n n e c t i o n s  i s  d e s c r i b e d  i n  
t h e  l a s t  p a r t  o f  T a b l e  I. I assumed, f o r  s i m p l i c i t y ,  t h a t  t h e  
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c a p a c i t a n c e  between t h e  i n t e r c o n n e c t i o n  and t h e  s u b s t r a t e  can be modeled 
as  a  p a r a l l e l  p l a t e  c a p a c i t o r .  The i n t e r a c t i o n  w i t h  a d j a c e n t  l i n e s  i s  
n o t  i n c l u d e d ,  and t h e  s t r a y  c a p a c i t a n c e  i s  neg lec ted .  A lso,  i t  i s  
assumed t h a t  t h e r e  i s  a  l i n e a r  r e l a t i o n s h i p  between K a n d  1  - t h e  
i n t e r c o n n e c t i o n  l e n g t h .  O f  course,  t h e  l e n g t h  o f  many i n t e r c o n n e c t i o n  
l i n e s  on a  c h i p  s h r i n k s ,  b u t  t h e  l e n g t h  o f  l o n g  l i n e s  t h a t  connect  
d i f f e r e n t  f u n c t i o n s  o f  t h e  c h i p  w i l l  s t a y  c o n s t a n t  i n  r e l a t i o n  t o  t h e  
c h i p  dimensions.  The t a b l e  i n c o r p o r a t e s  t h e  two s c a l e  down concepts :  
2  2 o p t i c a l  s h r i n k a g e  (A  % l / k  ) o r  t h e  maximum performance ( A %  M ) .  As 
p r a c t i c a l  c o n s t r a i n t s  p l a y  a  m a j o r  r o l e  i n  e n g i n e e r i n g  s o l u t i o n s ,  t h e  
i n t e r c o n n e c t  l i n e  t h i c k n e s s  and t h e  d i e l e c t r i c  t h i c k n e s s  were n o t  sca led  
down as l o n g  as i t  was p r a c t i c a l  w i t h i n  t h e  t e c h n o l o g i c a l  c o n s t r a i n t s .  
T h i s  enhances t h e  i n t e r c o n n e c t i o n  performances due t o  sma l le r  CIS and 
l o w e r  R,. A s t u d y  o f  d e v i c e s  commerc ia l l y  a v a i l a b l e  i n  r e c e n t  y e a r s  
r e v e a l s  t h a t  conduc to rs  and d i e l e c t r i c s  have s t a r t e d  t o  s c a l e  down 
s u b s t a n t i a l l y  around t h e  3um range o f  minimum f e a t u r e  s i z e  A ,  hence, t h e  
c o l u m n  t o  t h e  extreme r i g h t  o f  Tab le  I i s  t h e  b e s t  case which i s  n o t  
a t t a i n a b l e  f o r  A <  3pm. 
The impor tance  o f  i n t e r c o n n e c t i o n  i s  m a n i f e s t e d  i n  two aspects :  a)  
V 1 / V ,  w h i c h  i s  t h e  no rma l i zed  v o l t a g e  d r o p  i n  t h e  l o n g  conductor ,  w i l l  
2 3 .  be a  f a c t o r  o f  Mk -Mk h i g h e r .  T h i s  parameter i s  i m p o r t a n t  f o r  n o i s e  
m a r g i n s  and a c t u a l l y  shou ld  be added t o  V c / V .  b) T I T  which r e v e a l s  
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w h e t h e r  t h e  c i r c u i t  o p e r a t i o n  i s  l i m i t e d  by g a t e  d e l a y  ( T ~ / T ~  c 112) o r  
i n t e r c o n n e c t i o n  d e l a y  (T  I T  > 112) .  From Table  I we see t h a t  T 1 T i s  
1  g  1 g 
2 2 2 4 s c a l e d  u p  b y  M  k up t o  M k . Using t h e  h i s t o r i c a l  t r e n d s  (eqns. 1 and 
2 ) .  T , / $  r o s e  f r o m  1968  t o  1982 b y  a  f a c t o r  o f  1 8  x  l o 3  a s s u m i n g  
c o n d u c t o r  scale-down. The CIS as g i v e n  i n  Tab le  I i s  a c t u a l l y  t o o  low  
d u e  t o  t h e  m i s s i o n  o f  t h e  c o n t r i b u t i o n s  o f  f r i n g e  f i e l d s  and s i d e w a l l  
capac i tance ,  so t h a t  T~ i s  underest imated.  A  v i v i d  example o f  t h e  
i n t e r c o n n e c t i o n  d e l a y  i s  s u p p l i e d  i n  F ig .  2 ( t a k e n  f rom Ref. 1). Here 
t h e  a c t u a l  d e l a y  t i m e s  f o r  t h r e e  d i f f e r e n t  conduc to rs  ( A l ,  s i l i c i d e ,  and 
h i g h l y  doped p o l y - S i )  a r e  compared t o  t h e  " s t a t e  o f  t h e  a r t "  g a t e  d e l a y  
t i m e .  An obv ious c o n c l u s i o n  o f  t h e  above o b s e r v a t i o n  i s  t h a t  t h e  l i n e  
r e s i s t i v i t y  shou ld  be much l o w e r  t h a n  500uRcm i n  o r d e r  t o  u t i l i z e  t h e  
b u i l t  i n  speed o f  d e v i c e s  w i t h  f e a t u r e  s i z e  o f  l e s s  t h a n  3 m. 
MINIMUM FEATURE X(p) 
F i g u r e  2 Comparison o f  g a t e  ( T  ) and i n t e r c o n n e c t i o n  ( T ~ )  d e l a y  
t i m e s  as a  f u n c t i o n  o f  t h e  %inimum f e a t u r e  s i z e  f o r  severa l  
i n t e r c o n n e c t i o n  r e s i s t i v i t i e s .  (The change i n  s l o p e  a t  X=3w i s  
due t o  t h e  f a c t  t h a t  t h i c k n e s s  t ,h must a l s o  be sca led  down.) 
The requ i rement  f o r  l o w  r e s i s t i v i t y  i n t e r c o n n e c t i o n  l i n e  shou ld  be 
unders tood w i t h i n  t h e  rea lm o f  I .C.  t echno logy .  To do so, a  s h o r t  
h i s t o r i c a l  r e v i e w  i s  needed. The f i r s t  IGFET processes i n t r o d u c e d  i n  
t h e  l a t e  1960 's  used pure  A1 as a  g a t e  conductor .  S ince A1 cannot 
w i t h s t a n d  t h e  h i g h  tempera tu res  o f  d i f f u s i o n  and o x i d a t i o n  processes,  i t  
has t o  be d e p o s i t e d  as a  f i n a l  p rocess ing  s tep  and a l i g n e d  over  t h e  
s o u r c e  ( S )  and d r a i n  (D) area.  The o v e r l a p  capac i tance  t o  S  and D  a rea  
h a s  a  d e t r i m e n t a l  e f f e c t  on t r a n s i s t o r  p e r f o r m a n c e .  I t  was t h e n  
p roposed  t h a t  a  m e t a l  capab le  o f  w i t h s t a n d i n g  h i g h  tempera tu re  
p r o c e s s i n g  shou ld  r e p l a c e  t h e  f i r s t  l e v e l  o f  A l .  R e f r a c t o r y  m e t a l s  (W 
o r  Mo) w i t h  b u l k  r e s i s t i v i t y  o f  5  uRcm, were e v a l u a t e d  - b u t  w i t h o u t  
s u c c e s s .  Poor adhes ion t o  G O 2 ,  s i l i c i d e  f o r m a t i o n  i n  t h e  S i  c o n t a c t  
t h a t  consmed l a r g e  amounts o f  Si  and produced c r a c k s  due t o  volume 
changes, and u n c o n t r o l l e d  o x i d a t i o n  o f  t h e  meta l  ( u n s t a b l e  m e t a l  o x i d e s )  
were t h e  m a j o r  d i f f i c u l t i e s  encountered.  D u r i n g  t h e  same p e r i o d  ( l a t e  
1 9 6 0 ' s )  ano the r  m a t e r i a l ,  p o l y - S i ,  was proposed as t h e  f i r s t  l a y e r  
i n t e r c o n n e c t  ( 5 ) .  Even t h o u g h  p h o s p h o r u s -  o r  b o r o n - d o p e d  p o l y - S i  
p r e s e n t e d  much h i g h e r  r e s i s t a n c e  (400uficm, a t  l e a s t )  t h a n  e i t h e r  Mo o r  
W ,  i t  immed ia te l y  showed severa l  p r o p e r t i e s  t h a t  l e d  t o  i t s  dominance i n  
t h e  1970 's .  Po ly-S i  can be d e p o s i t e d  by  chemica l  vapor  d e p o s i t i o n  (CVD) 
t e c h n i q u e s ,  and hence has good s t e p  coverage, o x i d i z e s  u n i f o r m l y  and 
c o n t r o l l a b l y ,  adheres w e l l  t o  S i02,  and can a c t  as an i m p l a n t a t i o n  mask 
p r o t e c t i n g  t h e  g a t e  o x i d e  d u r i n g  t h e  source and d r a i n  i m p l a n t a t i o n  
( s e l  f - a 1  i g n e d  s t r u c t u r e ) .  As l o n g  as t h e  minimun f e a t u r e  exceeded 3um, 
t h e  h i g h  r e s i s t a n c e  o f  p o l y - S i  was no h ind rance  t o  i t s  u t i l i z a t i o n  ( s e e  
F i g .  2 ) .  The p o s s i b i l i t y  o f  expos ing t h e  p o l y - S i  t o  h i g h  tempera tu re  
o x i d i z i n g  ambients was t h e  key f a c t o r  t h a t  e s t a b l i s h e d  t h e  S i - g a t e  
p r o c e s s  a s  t h e  uncontested domina to r  o f  t h e  1970 's .  Two key advantages 
t h e r e b y  ga ined were: i) t h e  p o s s i b i l i t y  o f  o x i d i z i n g  t h e  source and 
d r a i n  r,egions as w e l l  as t h e  edges o f  t h e  po ly -S i  g a t e  improves t h e  
breakdown v o l t a g e s  s u b s t a n t i a l l y  and, consequent ly ,  enhances y i e l d  and 
r e l i a b i l i t y ;  i i )  t h e  grown S i 0 2  p r o v i d e s  i s o l a t i o n  a g a i n s t  an 
a d d i t i o n a l  l a y e r  o f  p o l y - S i  ( o r  m e t a l ) ,  t h u s  making p o s s i b l e  nove l  
- 8 -  
s t a c k e d  g a t e  s t r u c t u r e s  (EPROM's) and i n c r e a s i n g  pack ing  d e n s i t y  o f  
dynamic  random access memories (DRAM'S). The a b i l i t y  t o  produce h i g h  
q u a l i t y  S i02 w i t h  p o l y  S i  ou twheighted t h e  advantage o f  l o w  r e s i s t i v i t y  
o f  r e f r a c t o r y  m e t a l s .  It was n o t  u n t i l  t h e  l a t e  1 9 7 0 ' s  and  e a r l y  
1 9 8 0 1 s ,  when h approached 3 p ,  t h a t  p o l y - S i  proved t o  be inadquate ,  and 
i t s  replacement became one o f  t h e  c r u c i a l  i s s u e s  i n  I .C. t echno logy .  
A c c o r d i n g  t o  a  r e c e n t  r e p o r t  ( 6 ) ,  o u t  o f  44 u n i v e r s i t i e s  t h a t  a r e  
i n v o l v e d  i n  VLSI r e s e a r c h  i n  t h e  U n i t e d  S ta tes ,  t e n  conduct  a c t i v e  
r e s e a r c h  programs i n  i n t e r c o n n e c t i o n  techno logy .  I n  Europe, where t h e  
o n l y  t e c h n o l o g i c a l  VLSI p i l o t  p r o j e c t  i d e n t i f i e d  by  t h e  Common Market  i s  
"advanced i n t e r c o n n e c t  f o r  VLSI"(~), 26 o u t  o f  108 u n i v e r s i t i e s  a r e  
e x p l o r i n g  i n t e r c o n n e c t i o n  techno logy.  A t  t h e  i n d u s t r y  l e v e l  ( 6 ) ,  19 o u t  
o f  t h e  23 companies a c t i v e  i n  V L S I  p r o d u c t i o n  i n  t h e  U n i t e d  S ta tes  a r e  
w o r k i n g  on t h e  i n t e r c o n n e c t i o n  problem. The i n t e r c o n n e c t i o n  techno logy  
i s  p r o b a b l y  t h e  m o s t  s e r i o u s  t e c h n o l o g i c a l  e n g i n e e r i n g  p r o b l e m  i n  
( 8 )  h igh-speed VLSI c i r c u i t ,  a c c o r d i n g  t o  R.R.W. Pease . 
S i l i c i d e s  p resen t  a  p o s s i b l e  s o l u t i o n  f o r  t h e  i n t e r c o n n e c t i o n  
p r o b l e m .  As I w i l l  show l a t e r ,  t h e  t w o  m a i n  r e q u i r e m e n t s ,  l o w  
r e s i s t i v i t y  and  t h e  p o s s i b i l i t y  t o  p r o d u c e  S i 0 2  f o l l o w i n g  t h e r m a l  
o x i d a t i o n ,  a r e  f u l f i l l e d .  Furthermore,  f o r  complementary MOS techno logy  
(CMOS), m e t a l s  i n  genera l  a r e  p r e f e r a b l e  t o  p o l y - S i  (') because t h e i r  
work f u n c t i o n  i s  adequate f o r  b o t h  p-channel and n-channel dev ices  ( t h e  
work  f u n c t i o n  i s  c l o s e  t o  t h e  S i  midgap),  w h i l e  p o l y - S i  has t o  be doped 
d i f f e r e n t l y  f o r  each d e v i c e  t y p e .  I n  o r d e r  t o  u t i l i z e  s i l i c i d e s  i n  VLSI 
t e c h n o l o g y  s u c c e s s f u l l y ,  an unders tand ing  o f  t h e  o x i d a t i o n  process i s  
mandatory. T h i s  t o p i c  i s  e x p l o r e d  i n  t h e  second p a r t  o f  t h i s  t h e s i s .  
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CHAPTER 2 S I L I C I D E  CONTACTS WITH A1 
2.1 I n t r o d u c t i o n .  
F o r  I.C. t e c h n o l o g y ,  o h m i c  c o n t a c t s  a r e  s p e c i f i e d  b y  i )  t h e  
2 e l e c t r i c a l  r e s i s t i v i t y  pc( Rcm ) and i i )  t h e  c o n t a c t  r e l i a b i l i t y .  The 
r e s i s t i v i t y  o f  a  p l a n a r  c o n t a c t ,  p c ,  can be modeled ( l o )  q u i t e  
a c c u r a t e l y .  Two mechanisms a r e  i n v o l v e d :  t h e  t h e r m i o n i c  emiss ion over  
t h e  e l e c t r o n i c  b a r r i e r  h e i g h t  o f  t h e  c o n t a c t  ( c $ ~ ) ,  and t h e  t u n n e l i n g  
t h r o u g h  t h e  b a r r i e r  i n t o  t h e  semiconductor .  For dop ing  l e v e l  be low lo1' 
t h e  c u r r e n t  i s  c o n t r o l l e d  by t h e  t h e r m i o n i c  emiss ion  and p c  i s  
e s s e n t i a l l y  independent  o f  dop ing and depends o n l y  on QB. Tunnel i ng 
w i l l  d o m i n a t e  when t h e  S i  dop ing l e v e l  i s  above lo1' ~ m - ~ .  I n  o r d e r  t o  
a c h i e v e  good otnnic c o n t a c t  ( l o w  pC) , t h e  h i g h e s t  s u r f a c e  c o n c e n t r a t i o n  
t h a t  i s  s t i l l  compat ib le  w i t h  t h e  t e c h n o l o g i c a l  p rocess ing  parameters i s  
used. S i l i c i d e s  span a  wide range o f  b a r r i e r  h e i g h t s  t o  S i  ( I 1 ) ,  and 
hence can be u t i l i z e d  t o  t a i l o r  pc as needed. 
R e l i a b i l i t y  o f  a  c o n t a c t  s t r u c t u r e  has two aspects .  One p e r t a i n s  t o  
t h e  r e p r o d u c i b i l i t y  o f  p c  ac ross  t h e  c h i p ,  t h e  wa fe r ,  and f rom r u n  t o  
r u n ;  t h e  o t h e r  concerns t h e  l i f e t i m e  o f  t h e  c o n t a c t  under o p e r a t i n g  
c o n d i t i o n s .  What h i n d e r s  t h e  c o n t a c t  r e p r o d u c i b i l i t y  most i s  t h e  t h i n  
0 
n a t i v e  o x i d e  (10-20 A) t h a t  forms q u i c k l y  on S i  as soon as i t  i s  exposed 
t o  a i r .  Process- induced con tamina t ions  on t h e  open c o n t a c t  window a l s o  
a f f e c t  pc .  To s o l v e  t h i s  problem, t h e  c o n t a c t  m a t e r i a l  has t o  be a b l e  
t o  break t h r o u g h  t h e  o x i d e  and i n t e r a c t  w i t h  t h e  S i .  A lso ,  t h e  r e a c t i o n  
has t o  be u n i f o r m  i n  o r d e r  t o  i n h i b i t  s p i k e  f o r m a t i o n  t h a t  m i g h t  s h o r t  
t h e  s h a l l o w  j u n c t i o n  s t r u c t u r e  i n  t h e  S i  s u b s t r a t e .  A1 w i l l  reduce t h e  
n a t i v e  s i l i c o n  d i o x i d e  and w i l l  r e a c t  w i t h  S i  a t  t h e  tempera tu re  range 
o f  450 - 500°C. However, deep p i t s  i n  t h e  S i  s u b s t r a t e  can be observed 
i f  t h e  A1 i s  removed a f t e r  t h e  s i n t e r i n g  o p e r a t i o n .  The d e p t h  o f  t h e  
d i s s o l u t i o n  p i t s  depends s t r o n g l y  on t h e  c o n t a c t  s i z e  ( i n c r e a s i n g  as 
c o n t a c t  s i z e  decreases) wh ich  imposes a  l o w e r  l i m i t  t o  p r a c t i c a l l y  
a c h i e v a b l e  j u n c t i o n  dep ths  ( I 2 ) .  The l i f e t i m e  o f  t h e  c o n t a c t  depends on 
t h e  c u r r e n t - i n d u c e d  mass t r a n s p o r t  i n t o  ( o r  f rom)  t h e  m e t a l l i c  l a y e r .  
S i  e l e c t r o m i g r a t i o n  i n  A1 w i l l  consume m a t e r i a l  f rom t h e  c o n t a c t  area,  
t h u s  g e n e r a t i n g  deep p i t s .  The e f f e c t  o f  c o n t a c t  e l e c t r w n i g r a t i o n  i n  A1 
c o n t a c t s  t o  S i  i s  s i m i l a r  t o  t h a t  observed d u r i n g  the rma l  anneal ing;  
p i t s  deve lop  i n  t h e  S i ,  r e s u l t i n g  i n  r e s i s t i v e  c o n t a c t s  o r  s h o r t e d  
j u n c t i o n s .  
M o s t  s i l i c i d e s  e x h i b i t  a  v e r y  u n i f o r m  r e a c t i o n  w i t h  Si  (''I. The 
p i t t i n g  problem does n o t  occur .  S i l i c i d e s  o f  Pd and P t  a r e  a l r e a d y  i n  
use i n  b i p o l a r  I .C.  t echno logy ,  t o  produce Scho t t ky  b a r r i e r s  and ohmic 
c o n t a c t s .  I n  a d d i t i o n ,  t h e  s i l i c i d e s  d e l a y  t h e  unwanted i n t e r d i f f u s i o n  
b e t w e e n  S i  and  A1 ( 1 3 ) .  The c o m p a t i b i l i t y  o f  t h i c k  A1 f i l m s  w i t h  
s i l i c i d e  l a y e r s  i s  a  problem o f  p r a c t i c a l  i n t e r e s t  s i n c e  A1 remains a  
p r e f e r r e d  meta l  f o r  t h e  f i n a l  c o n n e c t i o n  t o  o t h e r  dev ices  o r  t o  bond ing 
pads. 
An i m p r o v e d  c o n t a c t  s t r u c t u r e  s h o u l d  c o n s i s t  o f  a  s i l i c i d e  i n  
i n t i m a t e  c o n t a c t  w i t h  t h e  S i  s u b s t r a t e ,  and a  t o p  l a y e r  o f  A l .  But  
a l m o s t  a l l  s i l i c i d e s  1 1 1 1 1 1  r e a c t  i t  A When t h e  s i l i c i d e  i s  
f u l l y  reac ted ,  A1 reaches t h e  Si  i n t e r f a c e  and t h e  e l e c t r i c a l  p r o p e r t i e s  
o f  t h e  c o n t a c t  d e t e r i o r a t e  a b r u p t l y .  D i f f u s i o n  b a r r i e r s  shou ld  t h u s  be 
i n t r o d u c e d  between t h e  s i l i c i d e  and t h e  t o p  A1 l a y e r .  The requ i rement  
on s u c h  a  b a r r i e r  i s  t o  produce l o w  c o n t a c t  r e s i s t a n c e  and m a i n t a i n  t h e  
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A1 s i l i c i d e  s e p a r a t i o n  a t  tempera tu res  needed f o r  A1 s i n t e r i n g  (abou t  
450 - 500°C). 
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t 2.2 D i f f u s i o n  B a r r i e r s  i n  Layered Contact  S t r u c t u r e .  
The concep t  o f  a  d i f f u s i o n  b a r r i e r  i s  t o  i n t e r p o s e  a  m a t e r i a l  X 
between t h e  d e p o s i t e d  m a t e r i a l  A and t h e  s u b s t r a t e  m a t e r i a l  B, and 
t h e r e b y  separa te  A and B  f rom d i r e c t  c o n t a c t  w i t h  each o t h e r  [ F i g .  1, 
R e f .  I]. The c o n d i t i o n s  t h a t  an e f f e c t i v e  t h i n  f i l m  d i f f u s i o n  b a r r i e r  
s h o u l d  meet a r e  e n m e r a t e d  i n  ou r  work ( I ) .  D e f e c t s  p l a y  a  dominant 
r o l e  i n  d e t e r m i n i n g  t h e  k i n e t i c s  p r o p e r t i e s  o f  a  b a r r i e r  l a y e r ,  and t h e  
consequent impor tance o f  t h e  d e p o s i t i o n  method and parameters p r e v a i l i n g  
d u r i n g  t h e  d e p o s i t i o n  must be recogn ized  (1,111) 
A genera l  c l a s s i f i c a t i o n  f o r  d i f f u s i o n  b a r r i e r s  has been 
proposed ( I 4 )  t h a t  d i s t i n g u i s h e s  t h r e e  c l a s s e s  o f  b a r r i e r s :  i )  S t u f f e d  
b a r r i e r s  a r e  t h o s e  whose low atomic  d i f f u s i v i t i e s  a r e  a t t r i b u t a b l e  t o  
t h e  i n h i b i t i n g  e f f e c t  o f  i m p u r i t i e s  a long  f a s t  d i f f u s i o n  pa ths  [F ig .  3, 
Ref. I]. i i )  P a s s i v e  b a r r i e r s  a r e  t h i n  c o n d u c t i v e  f i l m s  t h a t  a r e  
c h e m i c a l l y  i n e r t  w i t h  r e s p e c t  t o  b o t h  m a t e r i a l s  A and B, and t h a t  have 
n e g l i g i b l e  s o l i d  s o l u b i l i t y  and d i f f u s i v i t i e s  f o r  A and B [F ig .  4, Ref.  
I]. i i i )  S a c r i f i c i a l  b a r r i e r s  e x p l o i t  t h e  f a c t  t h a t  t h i n  a d j a c e n t  
f i l m s  o f t e n  r e a c t  w i t h  each o t h e r  and form compounds i n  a  l a t e r a l l y  
u n i f o r m  way. By i n t e r p o s i n g  a  b a r r i e r  l a y e r  t h a t  r e a c t s  u n i f o r m l y  and 
p r e d i c t a b l y  w i t h  t h e  m a t e r i a l s  A and B on  e i t h e r  s i d e  o f  i t ,  one  
e f f e c t i v e l y  m a i n t a i n s  a  s e p a r a t i o n  o f  A and B  as l o n g  as t h e  b a r r i e r  i s  
n o t  f u l l y  consumed. 
I n  my work I have concen t ra ted  on s a c r i f i c i a l  b a r r i e r s ,  wh ich i n  
c o n c e p t  o f f e r  e n g i n e e r i n g  guidance r u l e s  f o r  p r a c t i c a l  des ign.  The 
p o i n t  i n  t i m e  when t h e  b a r r i e r  i s  f u l l y  consumed i s  p r e d i c t a b l e  when t h e  
+ For  d e t a i l s  see Ref. I .  
t w o  r e a c t i o n  r a t e s  a r e  known as a  f u n c t i o n  o f  temperature .  As p o i n t e d  
o u t  i n  t h e  I n t r o d u c t i o n ,  t h e  purpose i s  t o  separa te  t h e  A1 f i l m  f rom a  
s i l i c i d e  l a y e r .  I n  Ref .  I we suggested t h e  system be s t a b i l i z e d  by  
u s i n g  T i ,  V ,  o r  Cr a s  a  s a c r i f i c i a l  b a r r i e r .  The a v a i l a b l e  d a t a  
(15y16'17) i n d i c a t e s  we can g e n e r a l i z e  t h a t  C r  r e a c t s  w i t h  a  near -nob le  
meta l  s i l i c i d e  (on a  Si  s u b s t r a t e )  and forms CrSi2  a t  a  r a t e  t h a t  i s  
e q u a l  o r  s lower  t h a n  t h a t  o f  C r  r e a c t i o n  w i t h  b a r e  S i  s u b s t r a t e .  S ince 
t h i s  r e a c t i o n  ( C r  w i t h  t h e  S i  s u b s t r a t e )  i s  w e l l  c h a r a c t e r i z e d  ( I 1 ) ,  i t  
c a n  s e r v e  as an upper  l i m i t  t o  t h e  r e a c t i o n  r a t e  o f  C r  w i t h  a  s i l i c i d e  
l a y e r .  The same assumpt ion was adopted f o r  T i  and V [Tab le  I, Ref. I]. 
The r e a c t i o n  and compound f o r m a t i o n  o f  A1 f i l m s  w i t h  T i ,  V and C r  have 
a l s o  been  w e l l  c h a r a c t e r i z e d  [ T a b l e  11, R e f .  I]. U s i n g  t h e  known 
t i m e / t e m p e r a t u r e  dependence o f  t h e  s a c r i f i c i a l  b a r r i e r  ( T i ,  V o r  C r ) ,  
one can d e s i g n  a  b a r r i e r  f o r  a  p a r t i c u l a r  a p p l i c a t i o n .  Tab le  111 i n  
Ref. I g i v e s  t h e  minimum b a r r i e r  t h i c k n e s s  r e q u i r e d ,  acco rd ing  t o  t h i s  
c o n c e p t ,  t o  m a i n t a i n  A1 s e p a r a t i o n  f rom t h e  s i l i c i d e  on a  S i  s u b s t r a t e  
f o r  thermal  a n n e a l i n g  a t  500°C f o r  15 m inu tes .  
The proposed c o n t a c t  s t r u c t u r e  i s  S i l s i l  i c i d e l s a c r i  f i c i a l  
b a r r i e r I A 1 .  I n  p r a c t i c e ,  when n e a r - n o b l e  m e t a l s  a r e  used f o r  t h e  
s i l i c i d e  ( N i ,  Pd, o r  P t ,  f o r  example), t h e i r  s i l i c i d e  f o r m a t i o n  r a t e  i s  
much f a s t e r  t h a n  any o t h e r  r e a c t i o n  i n  t h e  above system. I t was shown 
1 1 1 1 1 1 7  t h a t  t h e  s i m p l i f i e d  s t r u c t u r e  o f  S i / ( n e a r - n o b l e  
m e t a l ) / s a c r i f i c i a l  b a r r i e r / A l ,  which can be d e p o s i t e d  i n  s e q u e n t i a l  
p rocess ing  s teps  and subsequent ly  preannealed a t  l o w  temperature ,  can be 
used  t o  g e n e r a t e  t h e  proposed c o n t a c t  s t r u c t u r e .  I n  t h i s  case, we have 
t h r e e  i n t e r f a c e s ,  f o r  each t h e  r e a c t i o n  r a t e  i s  known and t h e  h o l d i n g  
t i m e  o f  t h e  s a c r i f i c i a l  b a r r i e r  can be p r e d i c t e d .  
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I t  i s  i m p o r t a n t  t o  s t r e s s  t h a t  t h e  above p i c t u r e  i s  based on known 
r a t e s  o f  u n i f o r m  r e a c t i o n s  t h a t  a r e  impur i t y - i ndependen t .  No 
i n t e r f a c i a l  o r  b u l k  i m p u r i t i e s  a r e  i n v o l v e d .  It remains t o  be proven 
t h a t  such i s  t h e  case i n  a c t u a l  implementat ion.  
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2.3 E v a l u a t i o n  o f  t h e  S a c r i f i c i a l  B a r r i e r  Concept - 
t C r  as a  B a r r i e r .  
To check t h e  model ,  as p resen ted  i n  t h e  p r e v i o u s  s e c t i o n ,  I chose C r  
a s  t h e  s a c r i f i c i a l  b a r r i e r .  A l l  t h r e e  r e l e v a n t  i n t e r f a c e  r e a c t i o n s  
( S i l m e t a l  s i l  i c i d e  ( I 1 ) ,  S i l m e t a l  s i l i c i d e l c r  (16'17), and Cr/A1 (18))  
have been t h o r o u g h l y  i n v e s t i g a t e d .  The m e t a l  s i l i c i d e s  i n  t h e  above 
c a s e s  were P t S i ,  Pd2Si, and N i s i .  The e l e c t r i c a l  s t a b i l i t y  o f  t h e  
c o n t a c t  s t r u c t u r e  was c h a r a c t e r i z e d  by  e l e c t r o n i c  b a r r i e r  h e i g h t  
m e a s u r e m e n t s  a s  an i n d i c a t o r  f o r  t h e  i n t e g r i t y  o f  t h e  S i - s i l i c i d e  
i n t e r f a c e .  T h i s  i s  t h e  i n t e r f a c e  t h a t  t h e  C r  b a r r i e r  must p r o t e c t  f rom 
i n t e r a c t i o n  w i t h  A l .  I n  my s tudy  ( I 1 ' ) ,  N i ,  Pd, and P t  s i l i c i d e s  were 
chosen because t h e y  can be formed u n i f o r m l y  and r e p r o d u c i b l y  a t  
r e l a t i v e l y  l o w  tempera tu res  on S i  s u b s t r a t e s .  P t  and Pd s i l  i c i d e s  a r e  
w i d e l y  u t i l i z e d  i n  S i  c o n t a c t  s t r u c t u r e s .  They a l s o  span a  wide range 
o f  u s a b l e  b a r r i e r  h e i g h t s  (0.66, 0.74, and 0.85 eV f o r  N i s i ,  Pd2Si,  and 
P t S i  , r e s p e c t i v e l y )  . 
The main  r e s u l t s  o f  t h i s  s tudy  a r e  t w o f o l d .  It i s  f i r s t  e s t a b l i s h e d  
t h a t ,  w i t h  f i l m s  d e p o s i t e d  i n  a  conven t iona l  fash ion ,  Cr does indeed a c t  
a s  a  s a c r i f i c i a l  b a r r i e r  as t h e  model p r e d i c t s .  These r e s u l t s  a l s o  
agree w i t h  most o f  t h e  o b s e r v a t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
However ,  i t  was a d d i t i o n a l l y  found t h a t  Cr f a i l s  as  a  b a r r i e r  when t h e  
f i l m s  a r e  d e p o s i t e d  i n  a  separa te  e v a p o r a t i o n  system and a t  h i g h  r a t e s .  
Ev idence  suggests t h a t  i m p u r i t i e s  a r e  c r i t i c a l l y  a s s o c i a t e d  w i t h  t h e s e  
d i f f e r e n t  behav io rs .  
The s u c c e s s f u l  d e s i g n  o f  a  s a c r i f i c i a l  b a r r i e r  depends  on  t w o  
t For  d e t a i l s  see Ref. 111. 
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a s s u m p t i o n s :  i )  t h a t  t h e  r e a c t i o n s  a t  b o t h  i n t e r f a c e s  o f  t h e  b a r r i e r  
b e  l a t e r a l l y  u n i f o r m ,  and i i )  t h a t  t h e  r e a c t i o n  r a t e s  be known and 
r e p r o d u c i b l e .  I n  t h e  c a s e  o f  C r  v a s t  v a r i a t i o n s  a r e  f o u n d  i n  t h e  
r e a c t i o n  r a t e s  w i t h  A l ,  depending on t h e  d e p o s i t i o n  c o n d i t i o n s .  The 
same a l s o  h o l d s  f o r  T i  acco rd ing  t o  r e s u l t s  r e p o r t e d  bu  o t h e r  
r e s e a r c h e r s  (9,20,21 and 22 i n  Ref. 111) .  The second requ i rement  o f  
known and r e p r o d u c i b l e  r e a c t i o n  r a t e s  i s  t h u s  n o t  f u l f i l l e d .  The f a c t  
t h a t  f a i r l y  c o n s i s t e n t  v a l u e s  f o r  Cr/A1 r e a c t i o n  have n e v e r t h e l e s s  been 
r e p o r t e d  by  independent i n v e s t i g a t o r s  s t r o n g l y  suggests  t h a t  i m p u r i t i e s  
may a c t u a l l y  he1 p  i n  e q u a l i z i n g  r e a c t i o n  r a t e s .  Moreover, i m p u r i t i e s  
may  a l s o  i m p r o v e  l a t e r a l  u n i f o r m i t y  o f  a  r e a c t i o n  b y  r e d u c i n g  t h e  
i n f l u e n c e  o f  d i f f u s i o n  a l o n g  g r a i n  boundar ies .  The success fu l  
i m p l e m e n t a t i o n  o f  a  s a c r i f i c i a l  b a r r i e r  may t h u s  u l t i m a t e l y  depend on 
t h e  p resence  o f  i m p u r i t i e s ,  i n  wh ich case t h e  concept  o f  a  s a c r i f i c i a l  
b a r r i e r  emerges as  a  m e r e  s p e c i a l  c a s e  o f  a  s t u f f e d  b a r r i e r .  The 
s a c r i f i c i a l  b a r r i e r  may t h e n  be implemented f o r  s p e c i f i c  cases and i n  
s p e c i f i c  systems where t h e  i m p u r i t i e s  a r e  i n c o r p o r a t e d  c o n s i s t e n t l y  from 
r u n  t o  run.  
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2.4 T h i n  W as a  D i f f u s i o n  B a r r i e r .  
+ 2.4.1 T h i n  f i l m  i n t e r a c t i o n s .  
The e x p e r i e n c e  accumulated w i t h  p a s s i v e  b a r r i e r s  i n d i c a t e s  t h a t  t h e  
0 
opt imun f i l m  t h i c k n e s s  i s  r a t h e r  t h i n  (e.g., 400-500 A f o r  r e a c t i v e l y  
s p u t t e r e d  T iN  ( I 9 ) ) .  T h i s  optimum presumably r e s u l t s  f rom s t r e s s e s  t h a t  
b u i l d  up i n  t h e  b a r r i e r  f i l m  as  i t  grows t h i c k e r .  By i t s  d e f i n i t i o n ,  
t h e  t h i c k n e s s  o f  a  p a s s i v e  l a y e r  p l a y s  no  r o l e  i n  i t s  e f f i c i e n c y  as  a 
b a r r i e r .  The f i l m  i n t e g r i t y  (e.g., no p i n h o l e s )  i s  t h e  m a j o r  
requ i rement  f o r  t h e  c h e m i c a l l y  p a s s i v e  b a r r i e r  m a t e r i a l ,  and, e v i d e n t l y ,  
0 
r e a c t i v e l y  s p u t t e r e d  T i N  few hundred A  t h i c k  y i e l d  a  complete coverage 
r e p r o d u c i b l y  - and t h u s  optimum performance. 
B a c k s c a t t e r i n g  s p e c t r c m e t r y  (BS) as  an a n a l y t i c a l  t o o l  p r o v i d e s  v e r y  
d i r e c t  i n s i g h t  i n t o  t h e  r e a c t i o n  o f  t h i n  f i l m s  when t h e  c o n s t i t u t i n g  
e lements  have d i f f e r e n t  a tomic  masses. But BS has been, so f a r ,  o f  
l i m i t e d  v a l u e  i n  a n a l y z i n g  A1-Si systems because t h e  a tomic  masses o f  A1 
( 2 7  a  .m.u.) and Si  (28  a.m.u.) a r e  v e r y  c lose .  When t h e  b a r r i e r  l a y e r  
t h i c k n e s s  i s  g e t t i n g  t h i n n e r ,  t h e  e n e r g y  l o s s  t h r o u g h  i t  w i l l  n o t  
s u f f i c e  t o  separa te  t h e  A1 BS s i g n a l  f rom t h a t  o f  t h e  u n d e r l y i n g  S i .  
Hence, BS cannot  p r o v i d e  t h e  d e t a i l s  o f  t h i n  f i l m  i n t e r a c t i o n s  between 
t h e  A1 and S i ,  as l o n g  as t h e  A1 i s  t h e  t o p  l a y e r .  
I n  Ref. 11, I have developed an exper imen ta l  procedure t h a t  i s  
capab le  o f  r e s o l v i n g  t h e  A1-Si i n t e r a c t i o n  u s i n g  BS. I used t h i n  (abou t  
Q 
2  kA) s e l f - s u p p o r t e d  s i l i c o n  s u b s t r a t e s  t o  i n v e s t i g a t e  t h e  A l l s i l i c i d e  
i n t e r a c t i o n .  The t h i n  s u b s t r a t e s  enab led me t o  probe t h e  i n t e r f a c e  f rom 
+ For  more d e t a i l s  see Ref. 11. 
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t h e  S i  s i d e  a s  w e l l .  When t h e  S i  i s  t h e  t o p  l a y e r ,  t h e  A1 a n d  S i  
s i g n a l s  a r e  d i s t i n g u i s h a b l e ,  can be i s o l a t e d ,  and t h e  r e a c t i o n  can be 
ana lyzed.  
U s i n g  t h i s  method, an A1 c o n t a c t  t o  t h e  n i c k e l  s i l i c i d e  w i t h  a  t h i n  
i n t e r p o s e d  W b a r r i e r ,  was e x p l o r e d  (I1). A t h i n  l a y e r  (250 i) o f  W 
p l a c e d  as  a  b a r r i e r  between t h e  A1 and t h e  s i l i c i d e  i s  shown t o  i n h i b i t  
t h e  A l - s i l i c i d e  r e a c t i o n  a t  450°C f o r  a t  l e a s t  40 m inu tes .  A lso,  I 
d e s c r i b e d  a  procedure t h a t  o n l y  r e q u i r e  a  s i n g l e  d e p o s i t i o n  and s i n g l e  
a n n e a l i n g  s t e p  and y i e l d s  a  r e l i a b l e  A1 c o n t a c t  t o  N i s i  on a  s i l i c o n  
s u b s t r a t e .  
2.4.2 E l e c t r i c a l  c h a r a c t e r i z a t i o n s  
The e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  meta l -semiconductor  i n t e r f a c e  
a r e  s e n s i t i v e  t o  c o n c e n t r a t i o n s  o f  t h e  A1 p e n e t r a t i o n  t h a t  a r e  below t h e  
0 
d e t e c t i o n  l i m i t  o f  BS. For example, a  50 A s u r f a c e  l a y e r  doped w i t h  A1 
(NA = 5 x  1 0  1 8  cm-3 ) i n c r e a s e s  t h e  S c h o t t k y  b a r r i e r  h e i g h t  (SBH) by 
a b o u t  80 mV ('O which can be e a s i l y  determined f rom t h e  I - V  
c h a r a c t e r i s t i c s ,  w h i l e  BS cannot  d e t e c t  2.5 x  1012 atoms o f  A1 i n  t h e  S i  
i n t e r f a c e  l a y e r .  To c h e c k  t h e  a p p l i c a b i l i t y  o f  t h e  W b a r r i e r ,  as  
suggested i n  t h e  p r e v i o u s  s e c t i o n ,  e l e c t r i c a l  measurements o f  t h e  SBH 
shou ld  b e  conducted. Th is  t e s t  i s  a l s o  t h e  p r a c t i c a l l y  r e l e v a n t  one. 
The s t u d y  r e p o r t e d  i n  Ref. I V  shows t h a t  t h e  t h i n  W b a r r i e r  removes 
t h e  t h e r m a l  i n s t a b i l i t y  t h a t  i s  observed i n  t h e  Scho t t ky  d iodes  w i t h  an 
A1 f i l m  on t h e  N i s i  c o n t a c t  t o  < S i > .  As e x p l a i n e d  b e f o r e ,  t h i s  
s t r u c t u r e  can be fonned by  t h e  s e q u e n t i a l  e v a p o r a t i o n  o f  N i ,  W ,  and A1 
+ For  more d e t a i l s  see r e f .  I V .  
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and t h e  subsequent the rma l  a n n e a l i n g  t o  form N i s i .  SBH measurements 
show t h a t  t h e  c o n t a c t  i s  t h e r m a l l y  s t a b l e  a t  450°C up t o  about 1  hour 
a n n e a l i n g  w i t h  v e r y  l i t t l e  change i n  t h e  e l e c t r o n i c  b a r r i e r  h e i g h t .  
Based on t h e  e l e c t r i c a l  measurements, a  model i s  proposed f o r  t h e  
f a i l u r e  mode o f  t h e  W b a r r i e r  a f t e r  excess ive  thermal  anneal ing.  The 
r e s u l t s  can be modeled i n  terms o f  l o c a l i z e d  f a i l u r e s  o f  t h e  W b a r r i e r .  
T h i s  f a i l u r e  mode i s  1 i k e l y  i n  a  t h i n  f i l m .  The model r e p r e s e n t s  t h e  
s a m p l e  i n  te rms  o f  an e q u i v a l e n t  c i r c u i t  w i t h  two d iodes  i n  p a r a l l e l .  
One d i o d e  has t h e  o r i g i n a l  b a r r i e r  h e i g h t  o f  t h e  d e s i r e d  c o n t a c t ,  and 
t h e  o t h e r  has t h e  h i g h  SBH o f  t h e  A1 r e a c t e d  l a y e r .  The area r a t i o  
between t h e  two d i o d e s  de te rm ines  t h e  I - V  c h a r a c t e r i s t i c s .  
Based on  these  exper iments  t h e  d i s t i n c t i o n  as t o  whether t h e  W f i l m  
a c t s  as  a  s t u f f e d  o r  s a c r i f i c i a l  b a r r i e r  c a n ' t  b e  made. A n o t h e r  
s t u d y  ( ' I '  conc luded t h a t  a  s p u t t e r e d  W l a y e r ,  2000 t h i c k ,  between A1 
and  s i l i c i d e  (CoSi2, MoSi2 and PtxNil-xSi) i s  an e f f e c t i v e  b a r r i e r  
a g a i n s t  t h e  A1 i n t e r a c t i o n  a t  tempera tu res  below 500°C. T h i s  
i n v e s t i g a t i o n  d i d n ' t  e x p l o r e  t h e  d e t a i l e d  mechanism by which t h e  W 
b a r r i e r  works. I n  l i g h t  o f  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  Cr b a r r i e r  i t  
i s  m o s t  l i k e l y  t h a t  W i s  a  s t u f f e d  b a r r i e r  because i m p u r i t i e s  (e.g., 
oxygen) a r e  e a s i l y  i n c o r p o r a t e d  i n  t h e  W f i l m  d u r i n g  d e p o s i t i o n .  
2.5 F u r t h e r  S tud ies .  
The s t u d i e s  r e p o r t e d  he re  a r e  o n l y  a  p a r t  o f  t h e  mass ive e f f o r t  
t o w a r d  a  s o l u t i o n  t o  t h e  o h i c  c o n t a c t  problem. B a r r i e r s  a r e  w i d e l y  
u t i l i z e d  i n  p r o d u c t i o n ;  Ti-W ( w h i c h  i s  p r o b a b l y  a  s t u f f e d  b a r r i e r )  i s  
v e r y  popu la r ,  and TiN, wh ich  g a i n s  ground i n  numerous a p p l i c a t i o n s ,  a r e  
o n l y  t w o  examples. B u t  t h e  VLSI requ i rements  open a  new f r o n t i e r .  As 
2  c o n t a c t  s i z e s  approach t h e  l ~ m  area,  t h e  p l a n a r  approach does n o t  h o l d  
anymore. The d i e l e c t r i c  t h i c k n e s s ,  i n  wh ich t h e  c o n t a c t  window i s  
opened,  i s  i n  t h e  o r d e r  o f  l p m .  Hence, t h e  r a t i o  between t h e  l i n e a r  
d i m e n s i o n  o f  t h e  c o n t a c t  a t  t h e  i n t e r f a c e  t o  t h e  S i  s u b s t r a t e  and t h e  
h e i g h t  o f  t h e  s i d e w a l l s  o f  t h e  d i e l e c t r i c  i s  about 1:l. T h i s  nonp lanar  
c o n f i g u r a t i o n  poses a severe requ i rement  on t h e  b a r r i e r  l a y e r .  The s t e p  
c o v e r a g e  and t h e  r o l e  o f  s t r e s s  a t  sharp  c o r n e r s  a r e  c r u c i a l  a d d i t i o n a l  
f a c t o r s  t o  c o n s i d e r  ( F i g .  3 ( a ) ) .  A case was b rough t  t o  my a t t e n t i o n  
where a  b a r r i e r  l a y e r  t h a t  opera ted  s u c c e s s f u l l y  f o r  2irm geometry f a i l e d  
c o m p l e t e l y  f o r  a  c o n t a c t  o f  lum. The b a r r i e r  had t o  be redes igned.  
Novel  approaches a r e  c u r r e n t l y  e x p l o r e d  f o r  s u i t a b l e  c o n t a c t  
s t r u c t u r e s .  A s e l  f -a1 igned  d e p o s i t i o n  process t h a t  s e l e c t i v e l y  covers  
t h e  e x p o s e d  S i  ( o r  s i l i c i d e )  a r e a  a t  t h e  b o t t o m  o f  t h e  c o n t a c t  
s t r u c t u r e ,  b u t  does n o t  d e p o s i t  on t h e  d i e l e c t r i c  ( F i g .  2 ( b ) ) ,  o f f e r s  a  
s o l u t i o n  t h a t  may a v o i d  t h e  weak s p o t s  a t  sharp  edges. Contact  s t u d s  
( F i g .  2 ( c ) ) ,  made b y  s e l f - a l i g n e d  CVD p o l y - ~ i " ) ,  o r  m e t a l  p l u g s  
prepared by a  compl i c a t e d  1  i f t - o f f  process embody y e t  ano the r  
p r o m i s i n g  s o l u t i o n  t h a t  serves two purposes:  i )  e l  i m i n a t i o n  o f  t h e  A1 
i n t e r a c t i o n  w i t h  t h e  Si  s u b s t r a t e ,  and i i )  p l a n a r i z a t i o n  o f  t h e  A1 
c o n t a c t  m e t a l l i z a t i o n .  
SUBSTATE CONTACT STUD 
(METAL or POLY-Si) 
F i g u r e  3 B a r r i e r  c o n f i g u r a t i o n s  i n  smal l  c o n t a c t  window. 
a)  B a r r i e r  c o v e r a g e ,  b e l o w  t h e  A1 m e t a l l i z a t i o n ,  o v e r  t h e  
d i e l e c t r i c  s teps.  
b )  S e l f - a l i g n e d  d e p o s i t i o n  o f  t h e  b a r r i e r  a t  t h e  c o n t a c t  
i n t e r f a c e .  
c )  Con tac t  s t u d y  t h a t  p l a n a r i z e s  t h e  c o n t a c t  s t r u c t u r e  and 
so lves  t h e  problem o f  A1 s t e p  coverage. 
The f a i l u r e  modes o f  such a  nove l  c o n t a c t  s t r u c t u r e  a r e  c o n c e p t u a l l y  
d i f f e r e n t  f r o m  t h e  s i m p l e  one  d e v e l o p e d  b e f o r e  ( I )  t h a t  assumes a  
u n i f o r m  p l a n a r  r e a c t i o n .  Adding a  second d imens ion ( " s t e p s " )  t o  t h e  
c o n t a c t  c o n f i g u r a t i o n  genera tes  a  new s e t  o f  requ i rements  and c a l l s  f o r  
r e e v a l u a t i o n  o f  t h e  d i f f u s i o n  b a r r i e r  c h a r a c t e r i z a t i o n  as d e f i n e d  i n  
Ref. 14. 
Such an a b s t r a c t  d e f i n i t i o n  i s  d i f f i c u l t  t o  f o r m u l a t e  b e f o r e  t h e  
p o s s i b l e  f a i l u r e  mechanisms a r e  e x p l o r e d  and understood.  I n  o r d e r  t o  do 
s o ,  a s p e c i a l  t e s t  v e h i c l e  shou ld  be developed f o r  a  c o n f i n e d  s t r u c t u r e  
e v a l u a t i o n .  I f e e l  t h a t  t h i s  i s  t h e  r o u t e  t h a t  d i f f u s i o n  b a r r i e r  
research  shou ld  now t a k e .  
CHAPTER 3  
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SILICIDES OXIDATION 
3.1 I n t r o d u c t i o n .  
The impor tance o f  t h e  o x i d a t i o n  c h a r a c t e r i s t i c s  o f  a  s i l i c i d e  i s  
addressed i n  t h e  I n t r o d u c t i o n .  The c a p a b i l i t y  t o  fo rm Si02 combined 
w i t h  a  l o w  r e s i s t i v i t y  d e f i n e s  a  c l a s s  o f  m a t e r i a l s  t h a t  a r e  good 
c a n d i d a t e s  f o r  VLSI i n t e r c o n n e c t i o n s .  The e l e c t r i c a l  r e s i s t i v i t y  o f  
a l m o s t  a l l  s i l i c i d e s  i s  a t  l e a s t  one o r d e r  o f  magni tude l o w e r  t h a n  
po ly -~ i ( l l ' .  I n  i n d u s t r y ,  some s i l i c i d e s  ( T i S i 2 ,  TaSi2, WSi2 and MoSi2) 
a r e  a1 ready  used i n  VLSI p rocess ing ,  and 256K memory c h i p s  b u i l t  w i t h  
s i  1  i c i d e  i n t e r c o n n e c t i o n s  a r e  b e i n g  developed. The o x i d a t i o n  
c a p a b i l i t i e s  a r e  n o t  always u t i l i z e d  i n  t h e s e  a p p l i c a t i o n s .  
I n  t h i s  t h e s i s ,  t h e  o x i d a t i o n  processes,  t h e i r  c o n t r o l ,  and t h e  
f i n a l  r e s u l t s  a r e  d i scussed  i n  terms o f  t h e i r  s i g n i f i c a n c e  t o  VLSI 
a p p l  i c a t i o n .  F i r s t ,  I w i l l  d e s c r i b e  o x i d a t i o n  k i n e t i c s  s t u d i e s  o f  
near -nob le  s i l  i c i d e s  t h a t  were n o t  e x p l o r e d  be fo re .  A  deeper 
unders tand ing  o f  t h e  o x i d a t i o n  process i s  ga ined f rom s t u d i e s  o f  t h e  
mass t r a n s p o r t ,  t h a t  t a k e s  p l a c e  i n  t h e  s i l i c i d e  d u r i n g  o x i d a t i o n .  Then 
f o l l o w s  an overv iew o f  processes c o n t r o l l i n g  s i l i c i d e  o x i d a t i o n ,  and t h e  
r o l e  o f  mass t r a n s p o r t  i n  i t .  As w i l l  be seen, t h e  t r a n s p o r t  o f  t h e  
oxygen-con ta in ing  m o l e c u l e  t h r o u g h  t h e  growing S i02 l a y e r  i s  t h e  
r a t e - l i m i t i n g  s t e p  and i s  s i m i l a r  f o r  a l l  s i l i c i d e s .  I t  i s  t h u s  
e x p e c t e d  t h a t  t h e  S i 0 2  p r o p e r t i e s  s h o u l d  a l s o  b e  s i m i l a r  f o r  a l l  
s i l  i c i d e s .  F o l l o w i n g  a  b r i e f  d i s c u s s i o n  o f  t h e  e f f e c t  o f  o x i d a t i o n  on 
t h e  s i l  i c i d e  p r o p e r t i e s  (morpho log ica l  and e l e c t r i c a l ) ,  t h e  S i02 
p r o p e r t i e s  t h a t  a r e  i m p o r t a n t  i n  I . C .  a p p l i c a t i o n s  a r e  compared f o r  
- 23 - 
v a r i o u s  s i l i c i d e s .  The b a s i c  c o n c l u s i o n  i s  t h a t  t h e  p r o p e r t i e s  a r e  
independent  o f  t h e  s i l i c i d e  on which t h e  S i02  i s  grown. A f t e r  t h i s  
s y s t e m a t i c  t r e a t m e n t  o f  t h e  o x i d a t i o n  c h a r a c t e r i s t i c s  o f  s i l i c i d e s  - and 
a f t e r  h a v i n g  e x p l a i n e d  them - a  t e s t  c a s e  i s  c h o s e n  f o r  d e t a i l e d  
e v a l u a t i o n .  Some f u r t h e r  s t u d i e s  and s p e c u l a t i o n s  conc lude t h i s  
chap te r .  
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3.2 S i l i c i d e  O x i d a t i o n  S tud ies .  
Mo s  
the rma l  
s i l i c i d e s  f i l m s  w i l l  g r o w  a  S i 0 2  l a y e r  on t h e i r  t o p  upon 
: i d a t i o n ( V ' V 1 ) .  As l o n g  as Si  i s  i n  adequate s u p p l y  frm below 
( f r o m  <Si> s u b s t r a t e ,  o r  t h e  po ly -S i  on i n s u l a t i n g  s u b s t r a t e ) ,  t h e  
s i l i c i d e  f i l m  w i l l  remain  s t a b l e .  The s i l i c i d e  l a y e r  i n  t h i s  case a c t s  
as a  "membrane" w i t h  Si b e i n g  t r a n s p o r t e d  t h r o u g h  i t . 
To g a i n  unders tand ing  and, e v e n t u a l l y ,  c o n t r o l  o f  t h e  o x i d a t i o n  
process,  t h e  f i r s t  s t e p  i s  t o  c h a r a c t e r i z e  t h e  S i02  growth k i n e t i c s .  
R e p r o d u c i b l e  r e s u l t s  g i v e  a  c l u e  t o  a  p h y s i c a l  process t h a t  can be 
h a r n e s s e d  f o r  u t i l i z a t i o n .  These k i n e t i c s  s t u d i e s  w i l l  r e v e a l  t h e  
s i g n i f i c a n c e  o f  t h e  s i l i c i d e  c o n f i g u r a t i o n  ( s i l  i c i d e  on d i f f e r e n t  cS i>  
s u b s t r a t e  o r i e n t a t i o n s ,  o r  on p o i y - S i ,  o r  t h e  s i l i c i d e  t h i c k n e s s ,  f o r  
e x a m p l e ) .  F u r t h e r  s t u d i e s  w i l l  b ranch  o u t  f rom t h e r e .  The o x i d a t i o n  
k i n e t i c s  o f  N i s i 2 ,  CoSi2, Pd s i l i c i d e s  and P t S i  , w i l l  be r e p o r t e d  f i r s t .  
These s i l  i c i d e s  o f  near -nob le  m e t a l s  form a  c l a s s  t h a t  was n o t  e x p l o r e d  
b e f o r e .  As w i l l  be shown l a t e r ,  t h e y  a r e  a l s o  p o t e n t i a l  cand ida tes  f o r  
i n t e r c o n n e c t i o n  m a t e r i a l  i n  VLSI. The g e n e r a l i z e d  overview, as d e r i v e d  
f rom o t h e r  s i l i c i d e  k i n e t i c s  s t u d i e s ,  i s  r e p o r t e d  i n  s e c t i o n  3.4. 
+ 3.2.1 N i s i  o x i d a t i o n  k i n e t i c s .  2  
I i n v e s t i g a t e d  thermal  o x i d a t i o n  o f  N i s i 2  on a  S i  s u b s t r a t e  i n  t h e  
tempera tu re  range o f  700-90O0C, i n  a  d r y  and a  wet o x i d a t i o n  
environment.  The s u r f a c e  l a y e r  o f  Si O2 grows parabo l  i c a l l y  w i t h  t ime.  
The g rowth  r a t e  i s  independent o f  t h e  c r y s t a l l i n e  s t r u c t u r e  ( e p i t a x i a l  
+ For  d e t a i l s  see Ref. V I I .  
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o r  p o l y c r y s t a l l i n e )  a n d  t h i c k n e s s  o f  t h e  N i s i 2  l a y e r .  From t h e s e  
r e s u l t s ,  I surmise t h a t  t h e  r a t e - l i m i t i n g  o x i d a t i o n  mechanism i s  oxygen 
d i f f u s i o n  t h r o u g h  t h e  g row ing  S i02 l a y e r .  A c t i v a t i o n  e n e r g i e s  f o r  t h e  
d r y  and wet o x i d a t i o n  a r e  1.0 + - 0.1 eV and 1.5 + - 0.1 eV, r e s p e c t i v e l y .  
A  d e t a i l e d  d i s c u s s i o n  and compar ison o f  t h e s e  o x i d a t i o n  k i n e t i c s  w i t h  
t h a t  o f  Si  and o f  o t h e r  s i l i c i d e s  appear i n  s e c t i o n  3.4. 
+ 3.2.2 CoSi o x i d a t i o n  k i n e t i c s .  2  
N i c k e l  and Coba l t  fo rm q u i t e  s i m i l a r  d i s i l  i c i d e s .  The s t r u c t u r e  
(CaF2), t h e  f o r m a t i o n  tempera tu re  (650-75O0C), and t h e  e p i t a x i a l  
o r i e n t a t i o n  on < I l l >  S i  s u b s t r a t e  a r e  common t o  bo th ,  b u t  t h e  growtu 
k i n e t i c s  a r e  d i s s i m i l a r ( ' ' ) .  It i s  t h e r e f o r e  o f  i n t e r e s t  t o  compare t h e  
o x i d a t i o n  k i n e t i c s  o f  those  two d i s i l i c i d e s .  I n  t h e  tempera tu re  range 
o f  650°C - 110O0C, t h e  o x i d a t i o n  k i n e t i c s  o f  CoSi2 a r e  s i m i l a r  t o  t h o s e  
o b t a i n e d  f o r  N i s i 2 .  A p a r a b o l i c  t i m e  dependence ( t r a n s p o r t  1  i m i t e d  
p r o c e s s )  and a  r a t e  independent on s i l i c i d e  parameters ( t h i c k n e s s ,  
o r i e n t a t i o n ,  etc.) a r e  common t o  bo th .  A compar ison o f  t h e  o x i d a t i o n  
d a t a  f o r  N i s i 2  and CoSi2 (Ref.  V I I I  F ig .  1 )  shows t h a t  t h e  k i n e t i c s  a r e  
p r a c t i c a l l y  t h e  same. S ince t h e  growth k i n e t i c s  o f  Ni and Co 
d i s i l i c i d e s  a r e  d i s s i m i l a r ,  t h e  common o x i d a t i o n  r a t e  must be a  r e s u l t  
o f  a  common l i m i t i n g  process,  wh ich i s  t h e  t r a n s p o r t  t h r o u g h  t h e  o x i d e  
o f  t h e  oxygen-con ta in ing  mo lecu le .  
+ For  d e t a i l s  see Ref. V I I I .  
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3.2.3 Pd2Si and PdSi o x i d a t i o n  s t u d i e s .  
The Pd s i l i c i d e s  d i f f e r  f rom t h o s e  o f  N i  o r  Co. The phase f o r m a t i o n  
sequence o f  a  t h i n  Pd f i l m  i n t e r a c t i n g  w i t h  S i  i s :  Pd2Si f i r s t ,  f o l l o w e d  
b y  PdSi a t  about  800°C, wh ich  i s  t h e  f i n a l  phase. U n l i k e  Co o r  N i ,  Pd 
has no  d i s i l i c i d e .  The c r y s t a l  s t r u c t u r e  (Pd2Si, hexagonal Fe2P, PdSi, 
o r tho rhomb ic  MnP) ( I1 )  i s  a l s o  d i f f e r e n t  ( N i s i 2  and CoSi2 have c u b i c  CaF2 
s t r u c t u r e ) .  It i s  t h e n  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  o x i d a t i o n  o f  Pd 
s i l i c i d e s .  One s h o u l d  n o t e  t h a t  PdSi  e x i s t s  o n l y  b e t w e e n  800°C 
( f o r m a t i o n  tempera tu re )  and 900°C ( m e l t i n g  p o i n t ) .  At l ower  
temperatures ,  t h e  PdSi d i s s o c i a t e s  i n t o  S i  and Pd2Si ( 2 2 ) .  A lso,  t h e  
i n t e r f a c e  o f  PdSi w i t h  t h e  S i  s u b s t r a t e  i s  expected t o  be rough s i n c e  i t  
( 1 1 )  grows i n  a  l a t e r a l l y  non-un i form f a s h i o n  . 
F o r  t h i s  o x i d a t i o n  s tudy ,  I have per formed e i g h t  exper iments  i n  
p a r a l l e l  compar ing t h e  o x i d a t i o n  o f  PdSi and Pd2Si, on a  < I l l >  versus 
< loo>  S i  s u b s t r a t e ,  and f o r  t h i n  ve rsus  t h i c k  s i l i c i d e s .  The d e p o s i t e d  
0 0 
Pd t h i c k n e s s e s  were 400 A  and 1000 A f o r  t h e  t h i n  and t h i c k  s i l i c i d e s ,  
r e s p e c t i v e l y .  The f o r m a t i o n  tempera tu res  were 500°C and 850°C f o r  Pd2Si 
and PdSi, r e s p e c t i v e l y .  As prepared,  b o t h  s i l i c i d e s  e x h i b i t  a  p l a n a r  
i n t e r f a c e  w i t h  t h e  S i  s u b s t r a t e  r e g a r d l e s s  o f  t h i c k n e s s  o r  s u b s t r a t e  
o r i e n t a t i o n .  For  I .C.  p r o c e s s i n g  o x i d a t i o n  t i m e s  l o n g e r  t h a n  a few 
hours  a r e  unacceptab le .  Due t o  t h e  low  tempera tu re  range s u i t a b l e  f o r  Pd 
s i l i c i d e s ,  t h e  o x i d a t i o n  was c h a r a c t e r i z e d  o n l y  f o r  t h e  wet o x i d a t i o n  
process,  which i s  f a s t e r  t h a n  t h e  d r y  one. The r e s u l t s ,  a p p l i c a b l e  o n l y  
f o r  wet o x i d a t i o n ,  a r e  as f o l l o w s :  
a )  O x i d a t i o n  per formed a t  750°C y i e l d s  s i m i l a r  S i02 t h i c k n e s s  
6 "2 f o r  a l l  e i g h t  samples. The g rowth  r a t e  i s  3 . 2 ~ 1 0  A  / h r  + 15%. 
- 
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The p a r a b o l i c  t i m e  dependence  i n d i c a t e s  a t r a n s p o r t  l i m i t e d  
process which,  as d i scussed  b e f o r e ,  i s  most p robab ly  t h e  
i n - d i  f f u s i  on o f  t h e  oxygen-contai  n i n g  mo lecu le .  
b )  The s i l i c i d e / s u b s t r a t e  i n t e r f a c e  remains u n i f o r m  and sharp f o r  
Pd2Si  on b o t h  < I l l >  and < l o o >  S i  s u b s t r a t e s .  B u t  f o r  PdSi, a 
non-un i fo rm morpho logy i s  observed ( u s i n g  BS a n a l y s i s )  f o l l o w i n g  
t h e  750°c o x i d a t i o n .  O p t i c a l  microscope i n s p e c t i o n  r e v e a l s  a 
non-un i form su r face .  X-ray a n a l y s i s  d e t e c t s  b o t h  Pd2Si and PdSi, 
which i s  i n  agreement w i t h  t h e  phase r e v e r s a l  expected a t  t h a t  
tempera tu re .  Because o f  t h i s  t r a n s f o r m a t i o n  and m o r p h o l o g i c a l  
n o n u n i f o r m i t y ,  I c o n c l u d e  t h a t  PdSi  on a S i  s u b s t r a t e  i s  o f  
d o u b t f u l  u t i l i t y .  O x i d a t i o n  o f  PdSi  a t  850°C i m p r o v e s  t h e  
s i l  i c i d e  morphology somewhat, b u t  i t  i s  n o t  as u n i f o r m  as Pd2Si 
o x i d i z e d  a t  750". 
c )  It i s  w e l l  known t h a t  Pd2Si grows e p i t a x i a l l y  on b o t h  < I l l >  and 
< l o o >  s u b s t r a t e s .  U s i n g  x - r a y s ,  I c o n f i r m e d  t h e  e p i t a x i a l  
r e g i s t r a t i o n  o f  Pd2S i  on < I l l >  s u b s t r a t e  b e f o r e  t h e  t h e r m a l  
o x i d a t i o n  and, as expected,  found t h e  same o r i e n t a t i o n  a f t e r  
o x i d a t i o n .  
d )  D u r i n g  t h e  o x i d a t i o n  s t u d i e s ,  a s u r f a c e  l a y e r  o f  PdOx was 
e 
n o t e d  on a few samples. The l a y e r  i s  l e s s  t h a n  100 A t h i c k ,  b u t  
i t s  a p p e a r a n c e  on t h e  s a m p l e ' s  s u r f a c e  was n o t  c o n s i s t e n t .  
Accord ing t o  Ref. 23, t h i s  phenomenon was observed a l s o  f o r  T i S i 2  
o x i d a t i o n  when t h e  l o a d i n g  c o n d i t i o n s  i n t o  t h e  o x i d a t i o n  fu rnace  
were u n c o n t r o l l e d .  The c l a i m  i s  t h a t  b e f o r e  t h e  sample reaches 
t h e  o x i d a t i o n  tempera tu re ,  me ta l  o x i d a t i o n  occurs .  B u t  a r e c e n t  
s t u d y  (24 )  o f  t h e  same s i l i c i d e  ( T i S i 2 )  d i sag rees  w i t h  t h e  above 
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a r g u m e n t  and  e x p l a i n s  t h a t  t h e  m e t a l  o x i d e  s u r f a c e  l a y e r  i s  
f o r m e d  frm oxygen c o n t a m i n a t i o n  w i t h i n  t h e  f i l m s  ( f r o m  sample 
p r e p a r a t i o n )  t h a t  segregates  and r i s e s  t o  t h e  s u r f a c e  p r i o r  t o  
t h e  s t a r t  o f  t h e  S i02  f o r m a t i o n .  I n  t h e  case o f  Pd2Si, I f i n d  
t h a t  d i f f e r e n t  l o a d i n g  c o n d i t i o n s  do n o t  i n h i b i t  ( o r  enhance) t h e  
s u r f a c e  meta l  o x i d e  l a y e r .  Samples loaded  i n t o  t h e  fu rnace  i n  N2 
env i ronment ,  and a1 1  owed t o  ach ieve  t h e  d e s i r e d  temperatures  
b e f o r e  wet O2 was i n t r o d u c e d ,  y i e l d e d  t h e  same r e s u l t s  as t h e  
sample i n t r o d u c e d  d i r e c t l y  i n t o  t h e  o x i d i z i n g  ambient. On t h e  
o t h e r  hand, I found t h a t  f r e s h  samples prepared l e s s  t h a n  f o u r  
days b e f o r e  o x i d a t i o n  have no d e t e c t a b l e  PdOx l a y e r ,  w h i l e  Pd2Si 
samples f rom t h e  same wa fe r ,  s t o r e d  a t  room tempera tu re  f o r  two 
months, and o x i d i z e d  t h e  same way, e x h i b i t  s u r f a c e  ox ide .  T h i s  
tends  t o  c o n f i r m  t h e  argument f o r  imbedded oxygen i m p u r i t i e s .  It 
i s  s u r p r i s i n g  t o  f i n d  t h a t  some oxygen i n c o r p o r a t i o n  occurs  a t  
room tempera tu re  i n  Pd2Si.  
B a s c i a l l y ,  t h e  Pd2Si o x i d a t i o n  i s  a  c o n t r o l l a b l e  process s i n c e  no 
d e t r i m e n t a l  e f f e c t s  on t h e  s i l i c i d e  a r e  de tec ted .  But  t h e  f a c t  t h a t  t h i s  
s i l i c i d e  i s  s e n s i t i v e  t o  s t o r a g e  c o n d i t i o n s  and can be o x i d i z e d  o n l y  a t  
t e m p e r a t u r e s  below 750°C r u l e s  i t  o u t  as a  p o t e n t i a l  c a n d i d a t e  f o r  VLSI 
i n t e r c o n n e c t i o n s .  
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3.2.4 P t S i  thermal  o x i d a t i o n .  
P l a t i n u m  s i l i c i d e s  a r e  s i m i l a r  t o  p a l l a d i u m  s i l i c i d e s  w i t h  r e s p e c t  t o  
t h e  c r y s t a l  s t r u c t u r e  and phase f o r m a t i o n  sequence o f  a  t h i n  m e t a l  on a  
S i  s u b s t r a t e  (M2Si f i r s t ,  and t h e n  MSi, where M  i s  Pd o r  P t ) .  B u t  P t S i  
(o r tho rhomb ic ,  MnP s t r u c t u r e )  i s  formed a t  a  much lower  tempera tu re  t h a n  
PdSi (300°C ve rsus  80O0C), so t h a t  o x i d a t i o n  s t u d i e s  can be per formed 
o n l y  f o r  P t S i  on  t o p  o f  t h e  S i  s u b s t r a t e .  The l o w e s t  e u t e c t i c  
t e m p e r a t u r e  o f  t h e  S i -Pt  system i s  830°C. As a  p r e c a u t i o n ,  a l l  o f  t h e  
o x i d a t i o n  s t u d i e s  were per formed a t  750°C. I n i t i a l  s t u d i e s  per formed i n  
a  wet o x i d a t i o n  env i ronment  t o  ach ieve  a  f a s t  g rowth  r a t e  demonstrated 
t h a t :  i )  t h e  g rowth  r a t e  i s  independent o f  t h e  S i  s u b s t r a t e  o r i e n t a t i o n  
( < I l l >  o r  < l o o > ) ,  i i )  t h e  growth r a t e  i s  independent o f  t h e  s i l i c i d e  
0 0 
t h i c k n e s s  (800 A ve rsus  1610 A), i i i )  t h e  t i m e  dependence o f  g rowth  
c o m b i n e s  l i n e a r  and p a r a b o l i c  t e r m s ,  and  i v )  t h e  s i l i c i d e f s i l i c o n  
i n t e r f a c e  d e t e r i o r a t e s  due t o  t h e  d i f f u s i o n  o f  P t  i n t o  t h e  s u b s t r a t e .  
The l a s t  o b s e r v a t i o n ,  a l s o  known t o  a f f e c t  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  
o f  P t S i  c o n t a c t  t o  ~ i ( ' " ) ,  i s  more pronounced t h a n  t h a t  observed i n  t h e  
PdSi case. T h i s  d e t e r i o r a t i o n  p r o b a b l y  r u l e s  o u t  t h e  P t S i  u t i l i z a t i o n  
f o r  VLSI .  But  t h e  f a c t  t h a t  t h e  o x i d a t i o n  k i n e t i c s  i s  a f f e c t e d  by a  
process o t h e r  t h a n  t h e  t r a n s p o r t  o f  o x i d a n t  t h r o u g h  S i02  ( a l l  o t h e r  
s i l i c i d e s  I i n v e s t i g a t e d  e x h i b i t  p a r a b o l i c  t i m e  dependence o f  o x i d a t i o n )  
p r o m p t e d  my i n t e r e s t  t o  t r y  and r e s o l v e  t h e  problem. D e t a i l e d  s t u d y  o f  
P t S i  d r y  o x i d a t i o n  a t  750°C y e i l d e d  t h e  f o l l o w i n g  r e s u l t s :  
i )  S i l i c i d e s  t h i n n e r  t h a n  500 A a r e  u n s t a b l e .  F o l l o w i n g  
o x i d a t i o n  ( a b o u t  1  h  a t  750°C)  t h e  a v e r a g e  P t  c o n c e n t r a t i o n  a t  t h e  
s u r f a c e  ( s i l i c i d e f o x i d e  i n t e r f a c e )  d r o p s  b e l o w  50%. T h i s  d r o p  i s  
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accompanied by  a  s lower  o x i d a t i o n  r a t e .  For  an extreme case, when t h e  P t  
c o n c e n t r a t i o n  i s  v e r y  low, one a n t i c i p a t e s  t h a t  t h e  o x i d a t i o n  r a t e  w i l l  
a p p r o a c h  t h a t  o f  b u l k  S i ;  hence t h e  g radua l  r e d u c t i o n  i s  no s u r p r i s e .  
F u r t h e r  s t u d i e s  have t o  be done on t h i c k e r  s i l i c i d e s ,  such t h a t  P t S i  w i l l  
remain  s t o i c h i o m e t r i c  a t  t h e  i n t e r f a c e  w i t h  t h e  ox ide .  
0 
i i )  S i l i c i d e s  t h i c k e r  t h a n  800 A e x h i b i t  an o x i d a t i o n  r a t e  which 
i s  i ndependen t  o f  t h e  t h i c k n e s s .  S i m i l a r  t o  wet o x i d a t i o n ,  t h e  t i m e  
dependence o f  g rowth  growth i s  composed o f  l i n e a r  and p a r a b o l i c  te rms.  
i i i )  A t  e a r l y  o x i d a t i o n  s t a g e s ,  l e s s  t h a n  5 0  h r s  a t  750°C, 
s i l  i c i d e s  on a  < l o o >  s u b s t r a t e  o x i d i z e  a t  a  f a s t e r  r a t e  t h a n  on < I l l >  
s u b s t r a t e .  A f t e r  5 0  h r s ,  t h e  o x i d e  t h i c k n e s s  on  < I l l >  and  < l o o >  
s u b s t r a t e  d i f f e r s  by  l e s s  t h a n  10% and i s  t h e  same as t h a t  observed f o r  
CoSi2 and p r o j e c t e d  f o r  N i s i 2 .  
i v )  The P t  d i f f u s i o n  i n t o  S i  i s  p r o p o r t i o n a l  t o  t h e  o x i d a t i o n  
t i m e  and i s  b a s i c a l l y  independent o f  t h e  s i l i c i d e  th i ckness .  
Observa t ion  i i )  i m p l i e s  t h a t  t h e  r e d u c t i o n  i n  t h e  o x i d a t i o n  r a t e  i s  
n o t  due  t o  t h e  t r a n s p o r t  t h r o u g h  t h e  s i l i c i d e .  The o t h e r  process t h a t ,  
i n  t h i s  case, can a f f e c t  t h e  o x i d a t i o n  k i n e t i c s ,  e s p e c i a l l y  a t  e a r l y  
s tages,  i s  t h e  r e a c t i o n  a t  t h e  o x i d e / s i l i c i d e  i n t e r f a c e .  From 
o b s e r v a t i o n  i i i ) ,  we can conc lude t h a t  t h i s  r e a c t i o n  i s  d i f f e r e n t  f o r  
P t S i  on  < I l l >  o r  < loo>  S i .  P t S i  i s  known t o  grow e p i t a x i a l l y  on b o t h  
< I l l >  and < l o o >  Si  ( I 1 ) ;  hence d i f f e r e n t  o r i e n t a t i o n s  o f  P t S i  a r e  expected 
a t  t h e  s i l i c i d e / o x i d e  i n t e r f a c e  which can e x p l a i n  t h e  observed d i f f e r e n t  
r e a c t i o n  r a t e s .  The o v e r a l l  p i c t u r e  o f  P t S i  o x i d a t i o n  i s  q u i t e  complex, 
and  a t  t h e  p resen t  t i m e  n o t  f u l l y  understood.  But  i t  i s  c l e a r  t h a t  P t S i  
i s  n o t  a  good c h o i c e  f o r  VLSI implementat ion.  
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3 .3  Mass T ranspor t  Through t h e  S i l i c i d e  D u r i n g  oxidat ion' .  
A l l  t h e  exper imen ta l  r e s u l t s  a v a i l a b l e  p o i n t  o u t  t h a t  t h e  o x i d a t i o n  
r a t e  o f  a s i l i c i d e  i s  independent  o f  i t s  t h i c k n e s s .  But  v a r i a t i o n s  i n  
t h e  r a t e s  do e x i s t  f o r  o x i d a t i o n s  conducted i n  d i f f e r e n t  l a b o r a t o r i e s .  
The t r a n s p o r t  t h r o u g h  t h e  s i l i c i d e  may w e l l  a f f e c t  t h e  i n i t i a l  o x i d a t i o n  
s t a g e ,  b u t  w i l l  be masked a t  h i g h  tempera tu re  o r  a f t e r  a  l o n g  o x i d a t i o n  
t i m e .  S ince t h e  e s t a b l i s h n e n t  o f  a  n e t  S i  t r a n s p o r t  t h r o u g h  t h e  s i l i c i d e  
d u r i n g  o x i d a t i o n  i s  a  v e r y  b a s i c  i ssue ,  I have under taken t o  i n v e s t i g a t e  
t h a t  aspec t  o f  s i l i c i d e  o x i d a t i o n  as w e l l .  
I s t u d i e d  t h e  d i f f u s i o n  process t h r o u g h  t h e  s i l i c i d e  as d e s c r i b e d  i n  
R e f .  I X .  Genera l l y ,  t h e  d i f f u s i o n  process t h r o u g h  t h e  s i l i c i d e  can be 
i n v e s t i g a t e d  t o  g i v e  an answer t o  t h e  f o l l o w i n g  q u e s t i o n s :  
i )  What a r e  t h e  d i f f u s i n g  spec ies?  
i i )  V i a  what mechanism does t h e  d i f f u s i o n  t a k e  p lace?  
i i i )  What i s  t h e  v a l u e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  each 
spec ies?  
The l a s t  q u e s t i o n  can be addressed o n l y  a f t e r  t h e  f i r s t  two a r e  
answered, and i s  d i f f i c u l t  t o  i n v e s t i g a t e .  My s tudy  ( I X )  c o n c e n t r a t e s  on 
t h e  i d e n t i f i c a t i o n  o f  t h e  d i f f u s i o n  spec ies .  The exper imenta l  p rocedure 
r e q u i r e d  t o  i d e n t i f y  t h e  mechanism i s  a l s o  a d d r e s s e d  i n  a  g e n e r a l  
f a s h i o n .  I n  b r i e f ,  t h e  q u e s t i o n  o f  t h e  mechanism can be addressed w i t h  
t r a c e r  exper iments ,  a f t e r  t h e  d i f f u s i n g  spec ies  has been i d e n t i f i e d  by an 
i n e r t  marker  exper iment .  
The i d e n t i f i c a t i o n  o f  t h e  moving spec ies  i s  done u s i n g  an i n e r t  
m a r k e r  t h a t  i s  imbedded i n  t h e  s i l i c i d e  b u t  does n o t  i n t e r f e r e  w i t h  t h e  
+ For  d e t a i l s  see Ref.  I X .  
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mass t r a n s p o r t  process.  The marker  p o s i t i o n  i n  t h e  s i l i c i d e  l a y e r  i s  
m o n i t o r e d  by  BS. A genera l  t r a n s p o r t  model was developed t h a t  i n c l u d e s  
a l l  t h e  p o s s i b l e  d i f f u s i o n  processes t h r o u g h  t h e  s i l  i c i d e  t h a t  s u p p l i e s  
Si  t o  t h e  growing SiO l a y e r  and keeps t h e  s i l i c i d e  s t o i c h i o m e t r y  i n t a c t .  2  
I n  Tab le  I 1  these  processes a r e  s c h e m a t i c a l l y  desc r ibed .  Wi th  t h i s  
model ,  t h e  d i f f u s i n g  spec ies  can be i d e n t i f i e d  d i r e c t l y  f rom t h e  
p o s i t i o n  o f  t h e  marker  s i g n a l  i n  t h e  BS spectrum. Two l i m i t i n g  cases a r e  
l i s t e d  f i r s t ,  where o n l y  Si  i s  t r a n s p o r t e d  f rom t h e  s u b s t r a t e  t h r o u g h  t h e  
s i l i c i d e  w i t h o u t  a p p a r e n t l y  i n t e r a c t i n g  w i t h  i t  o r ,  t h e  s i l i c i d e  
d i s s o c i a t e s  a t  t h e  s i l i c i d e / S i 0 2  i n t e r f a c e  and o n l y  t h e  meta l  d i f f u s e s  
t o w a r d  t h e  Si  s u b s t r a t e .  A l i n e a r  comb ina t ion  o f  these  two l i m i t i n g  
cases,  and o t h e r  l e s s  l i k e l y  processes a r e  l i s t e d  n e x t .  
I n e r t  markers  (evapora ted  t u n g s t e n  o r  i o n - i m p l a n t e d  xenon) were used 
t o  i n v e s t i g a t e  t h e  mass t r a n s p o r t  t h r o u g h  Pd2Si,  PdSi, N i s i 2 ,  and CoSi2 
d u r i n g  thermal  S i02 growth.  The meta l  i s  t h e  dominant moving spec ies  
d u r i n g  o x i d a t i o n  i n  a l l  t h e  above s i l i c i d e s ,  except  i n  Pd2Si where t h e  
exper imen ta l  r e s u l t s  p o i n t  t o  Si  d i f f u s i o n ,  b u t  these  r e s u l t s  can be 
q u e s t i o n e d  (see Ref. I X ) .  I n  a  r e c e n t  s t u d y ( 2 5 ) ,  we repeated t h e  Pd2Si 
e x p e r i m e n t  u s i n g  180 as t h e  i n e r t  marker  and found aga in  t h a t  S i  i s  t h e  
d o m i n a n t  moving spec ies  d u r i n g  o x i d a t i o n ,  b u t  Pd a l s o  d i f f u s e s  a t  a  r a t e  
o f  about 1 Pd atom p e r  3 S i  atoms. I n  t h a t  same s t u d y ( 2 5 ) ,  we a l s o  
i n v e s t i g a t e  t h e  d i f f u s i n g  spec ies  t h r o u g h  P t S i  , C r S i 2  and T i S i 2  d u r i n g  
the rma l  o x i d a t i o n ,  and f i n d  Pt ,  C r ,  and Si  t o  be t h e  dominant moving 
s p e c i e s ,  r e s p e c t i v e l y .  Tab le  I 1  groups a l l  t h e  exper imen ta l  r e s u l t s  
a c c o r d i n g  t o  t h e  b a s i c  processes.  I n  t h e  n e x t  s e c t i o n  t h e  i m p l i c a t i o n  o f  
t h e s e  r e s u l t s  w i l l  be d iscussed.  
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TABLE I1  
The d i f f e r e n t  p o s s i b l e  processes o f  n e t  S i  t r a n s p o r t  t h r o u g h  a  
s i l i c i d e  l a y e r  d u r i n g  o x i d a t i o n .  The exper imen ta l  r e s u l t s  a r e  dep ic ted .  
MOVING SPECIES SCHEMATIC DESCRIPTION EXPERIMENTAL 
DURING RESULTS 
OXIDATION 
S i  M,Si SiO, 
TiSi, 
S i  supply Pd, Si i?) 
M - dissoc~ot ion Co Si, 
PdSi 
s'::;,~ 
CrSi, 
Si - dissociation Nisi, 
M,,e, P tS i  
- 
dissociof ion + SI - Si supply 
M,,',". 
S i  supply causes 
S i  - met01 releose 
and d i f f u s i o n  
These processes do not 
preserve the si l ic ide 
S i  - 
M - 
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3.4 The R o l e  o f  Mass T r a n s p o r t  i n  O x i d a t i o n  ~ i n e t i c s ' .  
The i n v e s t i g a t i o n s  r e p o r t e d  so f a r  s u p p l y  ample i n f o r m a t i o n  t o  
d e v e l o p  a  genera l  p i c t u r e  o f  t h e  o x i d a t i o n  process.  The f o u r  m a j o r  s teps  
c o n t r o l l i n g  s i l i c i d e  o x i d a t i o n  are") :  (1) o x i d a n t  t r a n s p o r t  t h r o u g h  
t h e  s i l i c i d e ;  (2 )  r e a c t i o n  a t  t h e  s i l i c i d e l o x i d e  i n t e r f a c e ;  ( 3 )  n e t  
t r a n s p o r t  o f  s i l i c o n  atoms w i t h  r e s p e c t  t o  me ta l  atoms i n  t h e  s i l i c i d e ;  
( 4 )  r e a c t i o n  a t  t h e  s i l i c i d e I S i  i n t e r f a c e .  The o x i d a n t  t r a n s p o r t  i s  
s h o w n  (Ir1) t o  b e  s i m i l a r  f o r  a l l  s i l i c i d e s .  The r e a c t i o n  a t  t h e  
s i 1  i c i d e l o x i d e  i n t e r f a c e  i s  e x p l o r e d  u s i n g  e q u i l i b r i u m  thermodynamics 
arguments .  The exper imen ta l  o b s e r v a t i o n  agrees q u i t e  w e l l  w i t h  t h e  
thermodynamics p r e d i c t i o n s .  The n e t  t r a n s p o r t  t h r o u g h  t h e  s i l i c i d e  was 
e x p l o r e d  i n  s e c t i o n  3.3. F i n a l l y ,  t h e  r e a c t i o n  a t  t h e  S i  i n t e r f a c e  
c a n n o t  impede t h e  o x i d a t i o n  k i n e t i c s ;  t h i s  c o n c l u s i o n  i s  based  on  
arguments d e r i v e d  f rom t h e  s i l i c i d e  f o r m a t i o n  r a t e s ,  and on t h e  f a c t  t h a t  
t h e  moving spec ies  d u r i n g  o x i d a t i o n  a r e  t h e  same as i n  t h e  s i l i c i d e  
f o r m a t i o n .  
The v a r i a t i o n  i n  t h e  o x i d a t i o n  k i n e t i c s  between Si and s i l i c i d e s ,  
and between t h e  s i l i c i d e s  themselves,  can be a t t r i b u t e d  t o  a  d i f f e r e n t  
1  i n e a r  r a t e  c o n s t a n t  f o r  d i f f e r e n t  s i l  i c i d e s .  I n  p a r t i c u l a r ,  s i l  i c i d e s  
i n  w h i c h  t h e  meta l  i s  t h e  moving spec ies  o x i d i z e  more r a p i d l y  t h a n  ba re  
S i  . 
Enhanced o x i d a t i o n  r a t e s  a r e  d e s i r a b l e  i n  I C  p r o c e s s i n g  s i n c e  
i m p u r i t y  d i f f u s i o n  i n  t h e  S i  w i t h  t h e  a l r e a d y  formed j u n c t i o n s  shou ld  be 
m i n i m i z e d .  The f a c t  t h a t  an enhanced o x i d a t i o n  r a t e  i s  a s s o c i a t e d  w i t h  
s i l i c i d e s  t h a t  form by  meta l  d i f f u s i o n  y i e l d s  a d d i t i o n a l  b e n e f i t s  f o r  I C  
t For  d e t a i l s  see Refs. V and V I .  
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p r o c e s s i n g .  Those s i l i c i d e s  a r e  u s u a l l y  f o r m e d  a t  r e l a t i v e l y  l o w  
tempera tu res  ( l e s s  t h a n  450°C) w i t h  b e t t e r  c o n t r o l  t h a n  r e f r a c t o r y  meta l  
s i l i c i d e s ,  where S i  d i f f u s e s  d u r i n g  f o r m a t i o n .  When t h e  m e t a l  moves 
d u r i n g  s i l i c i d e  f o r m a t i o n ,  t h e  S i / s i l i c i d e  i n t e r f a c e  i s  expected t o  be 
s m o o t h .  K i r k e n d a l l  v o i d s  a r e  n o t  e x p e c t e d .  A l s o  f r o m  l i n e  w i d t h  
c o n s i d e r a t i o n s  and f o r  s e l f - a l i g n e d  dev ices ,  i t  i s  p r e f e r a b l e  ( 2 3 )  t h a t  
t h e  meta l  move d u r i n g  s i l i c i d e  fo rmat ion .  
I t h u s  conc lude  t h a t ,  i n  those  r e s p e c t s ,  s i l i c i d e s  t h a t  fo rm by 
m e t a l  d i f f u s i o n  a r e  p r e f e r r e d  cand ida tes  f o r  I C  i n t e r c o n n e c t s .  
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3.5 O x i d a t i o n  E f f e c t s  on t h e  S i l i c i d e  Layer.  
The overv iew p resen ted  i n  t h e  p r e v i o u s  s e c t i o n  t r e a t s  t h e  s i l i c i d e  
a s  a  membrane l a y e r  t h a t  s t a y s  i n t a c t  d u r i n g  t h e  o x i d a t i o n  process.  As 
was a l r e a d y  d i scussed  i n  subsec t ions  3.2.3 and 3.2.4, t h e  s i l i c i d e  l a y e r  
i s  a f f e c t e d  by t h e  o x i d a t i o n ,  and more so i n  some cases t h a n  i n  o t h e r s .  
O p t i c a l  microscope o b s e r v a t i o n  o f  a l l  t h e  s i l i c i d e s  I i n v e s t i g a t e d  show 
some morpho log ica l  changes. S t y l u s  s u r f a c e  p r o f i l e s ,  t a k e n  a f t e r  
removing t h e  o x i d e  c h e m i c a l l y ,  i n d i c a t e  a  rough s i l  i c i d e  su r face .  From 
BS one  deduces t h a t  t h e  o x i d e  form a  u n i f o r m  c o a t i n g  t h a t  d u p l i c a t e s  t h e  
s i l i c i d e  s u r f a c e  l a y e r  m o r p h o l o g i c a l l y  ( see  a l s o  Ref .  X ) .  However, BS 
a n a l y s i s  cannot c l e a r l y  r e s o l v e  t h e  s i l i c i d e l s i  i n t e r f a c e ;  e i t h e r  t h e  
s i l i c i d e  has a  v e r y  sharp i n t e r f a c e  w i t h  t h e  S i  s u b s t r a t e  b u t  v a r i e s  w i t h  
t h i c k n e s s  o r  t h e  meta l  d i f f u s e s  i n t o  t h e  Si  and t h e  i n t e r f a c e  i s  n o t  
sharp.  These morpho log ica l  changes depend on t h e  S i  s u b s t r a t e  ( < I l l > ,  
<100>, p o l y - S i ) ,  on t h e  s i l i c i d e  t h i c k n e s s ,  and on t h e  o x i d a t i o n  
c o n d i t i o n s .  S ince i t  i s  d i f f i c u l t  t o  c h a r a c t e r i z e  these  s t r u c t u r a l  
changes, I chose t h e  few s i l i c i d e s  t h a t  a r e  e p i t a x i a l l y  o r i e n t e d  on 
s i n g l e - c r y s t a l  s i l i c o n ,  and m o n i t o r e d  t h e  e p i t a x i a l  r e g i s t r y  f o l l o w i n g  
o x i d a t i o n .  
The p e r t i n e n t  q u e s t i o n  t o  be answered i s :  what a r e  t h e  e f f e c t s  o f  
o x i d a t i o n  on t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  s i l i c i d e ?  The c o n c l u s i o n  
i s  t h a t  i n  s p i t e  o f  t h e  m o r p h o l o g i c a l  changes, when c a r e  i s  taken ,  t h e  
e l e c t r i c a l  p r o p e r t i e s  w i l l  n o t  be a f f e c t e d .  
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3.5.1 E f f e c t  o f  o x i d a t i o n  on e p i t a x i a l  s t r u c t u r e s .  
Among t h e  s i 1  i c i d e s  s t u d i e d ,  CoSi2 and Ni S i 2  y i e l d e d  e p i t a x i a l  
l a y e r s  t h a t  were o f  h i g h  enough q u a l i t y  t o  be q u a n t i t a t i v e l y  
c h a r a c t e r i z e d  by  c h a n n e l i n g  b e f o r e  and a f t e r  o x i d a t i o n .  For  CoSi2 and 
Pd2Si, x - ray  a n a l y s i s  was used t o  e v a l u a t e  t h e  l a y e r  r e g i s t r y .  
t N i  S i  4. The s t u d y  was conducted on < I l l >  Si  c r y s t a l .  The q u a l i t y  
o f  t h e  e p i t a x i a l  r e g i s t r y  was m o n i t o r e d  by  c h a n n e l i n g  measurements, 
and q u a n t i f i e d  w i t h  xmin, whose v a l u e  i s  l e a s t  f o r  t h e  b e s t  
e p i t a x i a l  l a y e r .  A s e r i e s  o f  samples was cons ide red  i n  which t h e  
i n i t i a l  t h i c k n e s s  o f  t h e  N i s i  l a y e r s  v a r i e d .  The f i l m s  were  
t rans fo rmed  t o  N i s i 2 ,  i n  a  f i r s t  a n n e a l i n g  s t e p  i n  vacuum, and t h e n  
o x i d i z e d .  It was found t h a t  xmin was a p p r o x i m a t e l y  t h e  same f o r  
samp les  i n  w h i c h  t h e  t o t a l  amount o f  S i  consumed i n  t h e s e  t w o  
annea l ing  s teps  was t h e  same. T h i s  s i m i l a r i t y  i s  r e a d i l y  
unders tood when i t  i s  recogn ized  t h a t  d u r i n g  o x i d a t i o n ,  t h e  
s i l i c i d e  d i s s o c i a t e s  a t  t h e  N i S i 2 / S i 0 2  i n t e r f a c e  and i s  re formed a t  
( I X )  t h e  S i / N i S i 2  i n t e r f a c e  w i t h  n i c k e l  b e i n g  t h e  moving spec ies  . 
O x i d a t i o n - i n d u c e d  t r a n s p o r t  y i e l d s  c r y s t a l l i n e  q u a l i t y  s i m i l a r  t o  
t h a t  o b t a i n e d  a f t e r  a  c o r r e s p o n d i n g l y  t h i c k e r  s i l i c i d e  l a y e r  i s  
formed. 
CoSi 4. The CoSi2 l a y e r s ,  prepared s i m u l t a n e o u s l y  w i t h  t h e  N i s i 2 ,  
were p o l y - c r y s t a l l i n e  due t o  t h e  r e l a t i v e l y  l o w  s i l i c i d e  f o r m a t i o n  
tempera tu re  used (800°C). F o l l o w i n g  1100°C o x i d a t i o n ,  e p i t a x i a l  
t For  d e t a i l s  see Ref. X I .  
r e g i s t r y  was o b s e r v e d  u s i n g  an x - r a y  Read Camera. C h a n n e l i n g  
exper imen ts  y i e l d e d  a  xmin o f  40% a f t e r  9 m i n  o f  wet o x i d a t i o n  
0 0 
(2300 A  S i02)  and 37% f o l l o w i n g  64 m in  wet o x i d a t i o n  (6100 A S i02) .  
O x i d a t i o n  t h u s  improves t h e  e p i t a x i a l  qua1 i t y  o f  CoSi2. S i m i l a r  
s a m p l e s  a n n e a l e d  i n  vacuum a t  t h e  same t e m p e r a t u r e  were  n o t  
t rans fo rmed  and remained p o l y - c r y s t a l 1  i n e .  On t h e  o t h e r  hand, 
CoS i2  p repared  a t  1100°C y i e l d e d  a  xmin o f  8.6% a f t e r  p r e p a r a t i o n  
and a b o u t  10% a f t e r  o x i d a t i o n ,  wh ich i s  much b e t t e r  t h a n  t h e  xmin 
o f  CoSi2 l a y e r s  o r i e n t e d  d u r i n g  o x i d a t i o n .  The o x i d a t i o n - i n d u c e d  
t r a n s p o r t  causes t h e  f o r m a t i o n  o f  t h e  e p i t a x i a l  CoSi2. T h i s  can be 
e x p l a i n e d ,  as f o r  N i s i 2 ,  by  t h e  f a c t  t h a t  Co d i f f u s e s  t h r o u g h  t h e  
s i l i c i d e  and re fo rms  as a  new s i l i c i d e  on t h e  S i  s u b s t r a t e .  A t  t h e  
h i g h  o x i d a t i o n  temperatures ,  t h e  f r e s h l y  formed CoSi2 i s  
e p i t a x i a l l y  o r i e n t e d .  
Pd S i  
--£--- As we have a l r e a d y  d iscussed,  t h e  e p i t a x i a l  s t r u c t u r e  o f  
Pd2Si i s  m a i n t a i n e d  d u r i n g  o x i d a t i o n  a t  750°C. T h i s  case d i f f e r s  
f r o m  N i s i 2  o r  CoSi2 because Si  i s  t h e  dominant moving spec ies ,  and 
t h e  s i l i c i d e  i s  n o t  re formed c o n t i n u o u s l y  a t  t h e  S i  i n t e r f a c e .  
The above o b s e r v a t i o n s  o f  t h e  dominant moving spec ies  ( s e c t i o n  3.4) 
p o i n t  o u t  t h e  s i m i l a r i t y  o f  t h e  t r a n s p o r t  p r o c e s s  d u r i n g  s i l i c i d e  
f o r m a t i o n  and s i l i c i d e  o x i d a t i o n .  From t h e  r e s u l t s  o f  t h e  e p i t a x i a l  
r e g i s t r a t i o n ,  I conc lude t h a t  t h e  t r a n s p o r t  induced by  o x i d a t i o n  has 
s i m i l a r  e f f e c t s  on t h e  s i l i c i d e  e p i t a x i a l  r e g i s t r a t i o n  as t h e  t r a n s p o r t  
d u r i n g  s i l i c i d e  fo rmat ion .  
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3.5.2 E f f e c t  o f  o x i d a t i o n  on t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  a  s i l i c i d e  
1  ayer .  
The low e l e c t r i c a l  r e s i s t i v i t y  o f  s i l i c i d e s  i s  one o f  t h e i r  d e s i r a b l e  
a t t r i b u t e s  f o r  VLSI i n t e r c o n n e c t i o n s .  As seen frm F i g .  3  (Chapter  I )  
changes i n  t h e  r e s i s t i v i t y  o f  an i n t e r c o n n e c t i o n  l i n e  r e s u l t s  i n  an 
a p p r e c i a b l e  change o f  t h e  l i n e  d e l a y  t i m e .  The e f f e c t s  o f  o x i d a t i o n  on 
t h e  s i l i c i d e  r e s i s t i v i t y  shou ld  t h u s  be i n v e s t i g a t e d .  Such a  s t u d y  was 
u n d e r t a k e n  f o r  CoSi2 and N i s i 2  and t h e  d e t a i l s  a r e  r e p o r t e d  
e l  sewhere (26 '27 ) .  The main  r e s u l t s  can be summarized as f o l l o w s :  
a)  CoSi2 and N i s i 2  behave s i m i l a r l y .  
b)  Fo r  a  s i l i c i d e  l a y e r  on a  s i n g l e - c r y s t a l  S i  s u b s t r a t e ,  
t h e  r e s i s t a n c e  r i s e s  a p p r e c i a b l y  when t h e  S i  bound i n  t h e  o x i d e  
exceeds 50% o f  t h e  S i  o r i g i n a l l y  c o n t a i n e d  i n  t h e  s i l i c i d e  f i l m .  
For  example, a  1000 t h i c k  s i l i c i d e  c o n t a i n s  about  5 x 1 0 ' ~  S i  
atoms per  cm2 ( f o r  CoSi2 o r  N i s i 2 ) .  When t h e  o x i d e  i s  1100 
t h i c k ,  i t  c o n t a i n s  2 . 5 ~ 1 0 ' ~  S i  atoms per  cm2; f o r  o x i d e s  t h i c k e r  
t h a n  t h a t ,  t h e  r e s i s t i v i t y  i nc reases .  The s i l i c i d e  s t i l l  
2 c o n t a i n s  5 x 1 0 ' ~  S i  a toms p e r  crn , b u t  as  a  r e s u l t  o f  t h e  
m o r p h o l o g i c a l  changes induced by  t h e  r e a c t i o n ,  t h e  r e s i s t i v i t y  
r i s e s .  Beyond t h i s  p o i n t ,  f u r t h e r  o x i d a t i o n  produces f r a c t u r e s  
i n  t h e  s i l i c i d e  l a y e r  and t h e  r e s i s t i v i t y  may reach  10-100 t i m e s  
0 
i t s  o r i g i n a l  va lue .  Th ick  N i s i 2  s i l i c i d e s  (? .  3500A) grown on 
< I l l >  S i  s u b s t r a t e  e x h i b i t s  m i c r o c r a c k s ( 2 8 ) .  We t h u s  observe 
a g a i n ,  t h a t  o x i d a t i o n  has s i m i l a r  e f f e c t s  on t h e  m o r p h o l o g i c a l  
s t r u c t u r e  as s i l i c i d e  f o r m a t i o n .  The b i g  r i s e  i n  t h e  e l e c t r i c a l  
r e s i s t i v i t y  i s  t h e  r e s u l t  o f  t h e  m o r p h o l o g i c a l  e v o l u t i o n .  
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c )  F o r  s i l i c i d e  l a y e r s  on an i n e r t  s u b s t r a t e  ( S i 0 2  o r  A1 0  ) ,  Si i s  2 3 
s u p p l i e d  by t h e  decompos i t i on  o f  t h e  s i l i c i d e ,  which a l t e r s  t h e  
e l e c t r i c a l  p r o p e r t i e s  due t o  phase and morpho log ica l  changes. 
Again, t h e  r u l e  o f  consuming l e s s  t h a n  5 0 %  o f  t h e  S i  a toms i n  
t h e  s i l i c i d e  l a y e r  a p p l i e s  f o r  p r a c t i c a l  a p p l i c a t i o n s .  When t h e  
s i l  i c i d e  f i l m  becanes m e t a l - r i c h ,  a  l a t e r a l  i n s t a b i l i t y  deve lops 
t h a t  l e a d s  t o  t h e  f o r m a t i o n  o f  a  h i g h  r e s i s t a n c e  n e t w o r k  o f  
i s l a n d s  and f i n a l l y  a  d i s c o n t i n u o u s  f i l m .  
The c o n c l u s i o n  f rom t h e  above s t u d y  i s  t h a t  i n  o r d e r  t o  r e t a i n  t h e  
good  c o n d u c t i v i t y  o f  N i  and Co s i l i c i d e s ,  t h e  o x i d e  t h i c k n e s s  must be 
0 
s c a l e d  t o  t h e  s i l i c i d e  t h i c k n e s s .  I n  a c t u a l  a p p l i c a t i o n ,  up t o  5000 A 
0 
t h i c k  s i l  i c i d e  l a y e r s  a r e  u t i l i z e d  - hence a t  l e a s t  3100 A  o f  Si02 can be 
grown, wh ich i s  adequate f o r  p rocess ing .  
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i 
3.6 The P r o p e r t i e s  o f  S i02  Grown on S i l i c i d e s .  
On t h e  b a s i s  o f  t h e  s i m i l a r  g r o w t h  c h a r a c t e r i s t i c s  o f  S i 0 2  on 
d i f f e r e n t  s i l i c i d e s ,  we expect  t h e  r e s u l t a n t  o x i d e  p r o p e r t i e s  t o  be 
s i m i l a r  a l s o .  A compara t i ve  s tudy  o f  t h e  S i02 p r o p e r t i e s  grown on T i ,  
Co, N i ,  Pd and P t  s i l i c i d e s  (on  a  <Si> s u b s t r a t e )  i s  r e p o r t e d  i n  Ref. X.  
The d e n s i t y  and s t o i c h i o m e t r y  o f  t h e  o x i d e  were found t o  be b a s i c a l l y  t h e  
same n o  m a t t e r  what s i l i c i d e  was used. E l e c t r i c a l  p r o p e r t i e s  t h a t  were 
i n v e s t i g a t e d  a r e  t h e  d i e l e c t r i c  c o n s t a n t ,  d i e l e c t r i c  s t r e n g t h  (breakdown 
f i e l d ) ,  and p i n h o l e  d e n s i t y .  The d i e l e c t r i c  c o n s t a n t  was found t o  be 
3.49 + - 0.24, wh ich  i s  s i m i l a r  t o  t h e  v a l u e s  r e p o r t e d  f o r  S i02 grown on 
~ i ( 3 . 2 - 3 . 8 ) ( ~ ~ ) .  The d i e l e c t r i c  s t r e n g t h  o f  t h e  o x i d e  l a y e r s  depends on 
t h e  p o l a r i t y  o f  t h e  a p p l i e d  v o l t a g e ,  as i s  t h e  case f o r  o x i d e  grown on 
6  p o l y - S i .  For wet o x i d a t i o n ,  t h e  v a l u e s  a r e  about  1.5 x  10 Vlcm. T h i s  
r e l a t i v e l y  l o w  breakdown v o l t a g e  (10 x  l o 6  V/cm f o r  SiOZ on < S i > )  i s  
p r o b a b l y  due t o  a  rough s i l i c i d e l o x i d e  i n t e r f a c e .  The p i n h o l e  d e n s i t y  i n  
2 t h o s e  o x i d e s  I examined i s  l e s s  t h a n  40 p e r  cm . I t h u s  conc lude  t h a t  
o x i d e s  grown on t h e  s i l i c i d e s  i n v e s t i g a t e d  h o l d  promise f o r  i n t e g r a t e d  
c i r c u i t s  a p p l i c a t i o n .  
t For  d e t a i l s  see Ref. X. 
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4 3 .7 The Use o f  N i s i 2  as an I n t e r c o n n e c t i o n  M a t e r i a l .  
A l l  t h e  o x i d a t i o n  s t u d i e s  r e p o r t e d  so f a r  i n  t h i s  t h e s i s  were 
2 conducted on l a r g e - a r e a  (abou t  1  cm ) ,  u n i f o r m  samples. As a  
d e m o n s t r a t i o n  , a s t u d y  on t h e  a p p l i c a b i l i t y  o f  N i s i 2  as  an i n t e r c o n n e c t  
m a t e r i a l  was under taken u s i n g  nar row (5um x 2600 1im) l i n e s .  The r e s u l t s  
o f  t h i s  s tudy ,  r e p o r t e d  i n  Ref. XII, demonst ra te  t h e  a p p l i c a b i l i t y  o f  
t h e r m a l  o x i d a t i o n  o f  a  s i l i c i d e  l i n e .  L o w - r e s i s t i v i t y ,  h i g h - d i e l e c t r i c  
s t r e n g t h  o f  t h e  grown S i02  and h i g h - c u r r e n t  c a p a b i l i t i e s  a r e  
demonstrated.  Also,  a  scheme i s  proposed t o  i n c r e a s e  t h e  l o c a l  
m e t a l 1  i z a t i o n  l e v e l  d e n s i t y  u s i n g  Ni S i 2  as an i n t e r c o n n e c t .  
t For  d e t a i l s  see Ref. X I I .  
3.8 F u r t h e r  S tud ies .  
O f  a l l  t h e  near -nob le  m e t a l  s i l i c i d e s  i n v e s t i g a t e d  i n  t h i s  study,  
C o S i 2  seems t o  b e  t h e  m o s t  p r o m i s i n g  one.  I t has  a  r e l a t i v l y  l o w  
r e s i s t i v i t y  o f  18-20 ~ R c m  (11) ( N i s i 2  i s  about 40 uncm)  and 
h igh - tempera tu re  p r o c e s s i n g  c a p a b i l i t i e s ( V 1 1 1 ) .  I t  shou ld  be a p p r o p r i a t e  
t o  r e p e a t  t h e  s t u d y  r e p o r t e d  i n  s e c t i o n  3.6 f o r  CoSi?. 
A s p e c u l a t i v e  c o n c l u s i o n  can be drawn from o x i d a t i o n  s t u d i e s  on i n e r t  
s u b s t r a t e s .  As d i scussed  i n  sub-sec t ion  3.5.2, Co o r  Ni s i l i c i d e  f i l m s  
become m o r p h o l o g i c a l l y  u n s t a b l e  as t h e y  t u r n  i n c r e a s i n g l y  me ta l  r i c h  upon 
t h e r m a l  o x i d a t i o n .  But  when t h e  s i l i c i d e  i s  p a t t e r n e d  t o  a  na r row l i n e  
s t r u c t u r e ,  i t  i s  found (' 'I1) t h a t  t h e  i n s t a b i l i t y  i s  a t t e n u a t e d .  Long 
(more t h a n  1 0 0 ~ m )  l i n e  segments remain u n i n t e r r u p t e d  and a r e  a c t u a l l y  
reduced t o  c r y s t a l i n e  Ni f o l l o w i n g  e x t e n s i v e  o x i d a t i o n .  Ref. XI11 
e x p l o i t s  t h i s  f i n d i n g  and proposes a  nove l  method t o  produce m e t a l l i c  
i n t e r c o n n e c t i o n  l i n e s .  One c a n  g e n e r a l i z e  and  s u g g e s t  many o t h e r  
S i -meta l  comb ina t ions  t h a t  would subsequent ly  be reduced back t o  
e lementa l  h i g h  c o n d u c t i v i t y  m e t a l  by  o x i d a t i o n .  
My persona l  v iew i s  t h a t  t h e  p u r s u i t  o f  t h e  b e s t  i n t e r c o n n e c t i o n  
t e c h n o 1  ogy shou ld  be c a r r i e d  o u t  i n  t h e  i n d u s t r y .  The r o l e  o f  academic 
r e s e a r c h  i s  t o  e x p l o r e  t h e  b a s i c  processes and t o  p o i n t  o u t  novel  i d e a s .  
Only i n d u s t r y  has t h e  resources  t o  pursue, e x p l o i t  and u t i l i z e  t h e s e  
i d e a s  f o r  VLSI techno logy .  The i n v e s t i g a t i o n s  presented i n  t h i s  c h a p t e r  
y i e l d  a  c l e a r  c o n c l u s i o n :  s i l  i c i d e s  , ( n o t  o n l y  t h e  r e f r a c t o r y  m e t a l  
s i l i c i d e s ) ,  a r e  e x c e l l e n t  cand ida tes  f o r  i n t e r c o n n e c t i o n s  i n  VLSI. 
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FINAL REMARKS 
The w r i t t e n  sequence o f  a  t h e s i s  does n o t  cover  t h e  t r u e  e v o l u t i o n  
o f  t h e  s c i e n t i f i c  r e s e a r c h  p r o j e c t .  The element o f  l u c k  ( o r  t h e  l a c k  o f  
i t )  i s  screened. The freedom and t h e  s u p p o r t i v e  gu idance I r e c e i v e d  
from my a d v i s o r ,  Dr. Marc-A. N i c o l e t ,  has enab led  me t o  " f o l l o w  my nose" 
and  e n j o y  t h e  exc i temen t  o f  d i s c o v e r y  a f t e r  an unexpected phenomenon 
caugh t  my i n t e r e s t ,  and be " lucky , "  f i n a l l y .  
My o r i g i n a l  goal  was t o  e x p l o r e  c o n t a c t  problems t o  Si  u t i l i z i n g  
s i l i c i d e s  and d i f f u s i o n  b a r r i e r s .  I n  t h e  e a r l y  s tages,  when I was 
p l a y i n g  w i t h  t h e  sample p r e p a r a t i o n  techn iques ,  I t r i e d  a  " w i l d "  i dea .  
I n  o r d e r  t o  m i n i m i z e  s u r f a c e  leakage  and deve lop  a  b e t t e r  t e s t  
v e h i c l e  f o r  me ta l1  i z a t i o n ,  I o x i d i z e d ,  a t  e l e v a t e d  tempera tu res ,  a  
c o n t a c t  p a t t e r n  a f t e r  t h e  meta l  was a l r e a d y  depos i ted .  O f  course,  i t  
d i d  n o t  w o r k  s i n c e  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  s i l i c i d e  
c o n t a c t  were changed d r a s t i c a l l y .  (The reasons f o r  t h a t  k i n d  o f  change 
a r e  c u r r e n t l y  e x p l o r e d  u s i n g  DLTS by  Ms. A r a t i  Prabhakar i n  Dr. T. C. 
M c G i l  1 ' s  g r o u p  a t  t h e  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y . )  To my 
s u r p r i s e ,  I found an S i02 l a y e r  on t o p  o f  t h e  s i l i c i d e  meta l1  i z a t i o n .  I 
reproduced t h e  r e s u l t s  and t r i e d  t o  c h a r a c t e r i z e  t h e  process.  The 
r e s u l t  o f  t h a t  work i s  summarized i n  t h e  paper, "Thermal O x i d a t i o n  o f  
N i c k e l  D i s i l i c i d e "  ( " I1 ) .  Only w h i l e  s o r t i n g  t h e  d a t a  and l o o k i n g  f o r  
r e f e r e n c e s  d i d  I r e a l i z e  t h e  p o t e n t i a l  a p p l i c a t i o n s  o f  t h i s  process i n  
VLSI techno logy.  A comprehensive work on s i l i c i d e  o x i d a t i o n  was t h e  
r e s u l t  o f  t h e  f i r s t  "mishap." Another example i s  t h e  t h i c k n e s s  o f  t h e  
t u n g s t e n  l a y e r .  Due t o  t u n g s t e n ' s  h i g h  m e l t i n g  p o i n t  (3410°C), I c o u l d  
0 
n o t  e v a p o r a t e  more t h a n  250 - 300 A t h i c k  l a y e r s .  S ince t h e  m u l t i l a y e r  
- 49 - 
e v a p o r a t i o n  m i g h t  i n c l u d e  l a r g e  amounts o f  i m p u r i t i e s  between subsequent 
l a y e r s ,  I t r i e d  t h e  t h i n  l a y e r  approach - and t o  my s u r p r i s e  i t  worked. 
O n l y  l a t e r  d i d  I r e a l i z e d  t h a t  f o r  p a s s i v e  l a y e r s  " t h e  t h i n n e r  t h e  
b e t t e r "  p r i n c i p l e  worked p r o v i d e d  t h a t  no p i n h o l e s  e x i s t e d .  Now a f t e r  
s u c h  a  l o n g  r o a d  ( b e i n g  i n v i t e d  t o  t a l k  about  t h e  s u b j e c t ) ,  I f e e l  t h a t  
t h e  i m p o r t a n c e  o f  t h e  f i r s t  f e w  s t e p s  o f  t h e  p r o j e c t  s h o u l d  b e  
emphasized. 
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CHROMIUM AS A  DIFFUSION BARRIER BETWEEN N i S i ,  PdESi 
OR P t S i  AND A1 
M. B a r t u r  and M-A. N i c o l e t  
C a l i f o r n i a  I n s t i t u t e  o f  Technology 
Pasadena, C a l i f o r n i a  91125 
ABSTRACT 
We show t h a t  t h e  the rma l  i n s t a b i l i t y  t h a t  i s  observed i n  Scho t t ky  
d i o d e s  w i t h  an A1 f i l m  on N i S i ,  Pd2Si o r  P t S i  c o n t a c t  t o  c S i >  can be 
0 
removed by  p roper  d e p o s i t i o n  o f  a  C r  l a y e r ,  1000 - 2000 A  t h i c k ,  between 
t h e  A1 and t h e  u n d e r l y i n g  s i l i c i d e  l a y e r .  The s t r u c t u r e  can be formed 
b y  s e q u e n t i a l  e v a p o r a t i o n  o f  N i ,  Pd, o r  P t ,  C r  and A l ,  and subsequent 
t h e r m a l  a n n e a l i n g  t o  f o r m  t h e  c o n t a c t  s i l i c i d e  and  s i n t e r  t h e  A1 
c o n t a c t .  I s o c h r o n a l  a n n e a l i n g  f o r  30 m i n  ove r  t h e  tempera tu re  range o f  
350°C - 500°C shows t h a t  t h e  b a r r i e r  h o l d s  e l e c t r i c a l l y  a t  450°C and 
f a i l s  a t  500°C. Forward I - V  measurements a r e  used t o  de te rm ine  t h e  
b a r r i e r  h e i g h t ,  and e lementa l  p r o f i l e s  a r e  i n v e s t i g a t e d  u s i n g  
b a c k s c a t t e r i n g  spec t romet ry .  The success fu l  u t i l i z a t i o n  o f  t h e  C r  
b a r r i e r  depends on t h e  d e p o s i t i o n  c o n d i t i o n s .  B i l a y e r s  o f  C r  and A1 
d e p o s i t e d  a t  h i g h  r a t e s  i n  a n o t h e r  vacuum e v a p o r a t o r  c o n s i s t e n t l y  
r e a c t e d  more r a p i d l y  t h a n  those  u s u a l l y  observed by  us and a l s o  r e p o r t e d  
i n  t h e  l i t e r a t u r e .  We b e l i e v e  t h a t  under usual  d e p o s i t i o n  c o n d i t i o n s  
t h e  i m p u r i t i e s  i n c o r p o r a t e d  i n  t h e  f i l m s  a r e  e s s e n t i a l  f o r  t h e  
success fu l  o p e r a t i o n  o f  C r  as a  s a c r i f i c i a l  b a r r i e r .  
Key Words: D i f f u s i o n  b a r r i e r s ,  Chromium b a r r i e r ,  c o n t a c t  m e t a l l u r g y ,  
s o l i d - s o l i d  i n t e r f a c e s .  
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I n t r o d u c t i o n  
S i l i c i d e  c o n t a c t s  t o  S i  have r e c e i v e d  much a t t e n t i o n  r e c e n t l y  and 
a r e  w i d e l y  used as m a t e r i a l  t o  form ohmic c o n t a c t s ,  S c h o t t k y  r e c t i f i e r s ,  
I R  d e t e c t o r s ,  and i n t e r c o n n e c t s  f o r  i n t e g r a t e d  c i r c u i t s .  The 
c o m p a t i b i l i t y  o f  t h i c k  A1 f i l m s  w i t h  s i l i c i d e  l a y e r s  i s  a  problem o f  
p r a c t i c a l  i n t e r e s t  s i n c e  A1 remains a p r e f e r r e d  meta l  f o r  t h e  f i n a l  
c o n t a c t  t o  o t h e r  d e v i c e s  o r  t o  bond ing pads. The d i r e c t  c o n t a c t  between 
A1 and near -nob le  meta l  s i l  i c i d e s  i s  u n s t a b l e :  m e t a l l u r g i c a l l y ,  A1 
f o r m s  meta l  compounds (PtA12, NiA13 o r  PdA13), and e l e c t r i c a l l y ,  t h e  
S c h o t t k y  B a r r i e r  H e i g h t  (SBH) changes when a l l  t h e  s i l i c i d e  l a y e r  i s  
consumed. 
I n  a  p r e v i o u s  p a p e r ( l ) ,  we have suggested t h a t  t h e  A l - s i l i c i d e  
c o n t a c t  system can be s t a b i l i z e d  w i t h  a  s a c r i f i c i a l  b a r r i e r  between t h e  
A1 l a y e r  and t h e  s i l i c i d e .  A s a c r i f i c i a l  b a r r i e r  e x p l o i t s  t h e  f a c t  t h a t  
t h i n  a d j a c e n t  f i l m s  t h a t  r e a c t  and form a  compound o f t e n  do so i n  a  
l a t e r a l l y  v e r y  u n i f o r m  f a s h i o n .  A  b a r r i e r  l a y e r  t h a t  r e a c t s  u n i f o r m l y  
w i t h  A1 and  s i l i c i d e  on e i t h e r  s i d e  o f  i t  e f f e c t i v e l y  m a i n t a i n s  a  
s e p a r a t i o n  o f  t h e  A1 f rom t h e  s i l i c i d e  as l o n g  as t h e  b a r r i e r  l a y e r  i s  
n o t  f u l l y  consumed by  t h e s e  r e a c t i o n s .  T h i s  p o i n t  i n  t i m e  i s  
p r e d i c t a b l e  when t h e  two r e a c t i o n  r a t e s  a r e  known as a  f u n c t i o n  o f  
tempera tu re ,  p r o v i d e d  t h a t  p r e c a u t i o n s  a r e  t a k e n  t o  a v o i d  i m p u r i t i e s  i n  
t h e  f i l m s  t h a t  m i g h t  a l t e r  t h e  r e a c t i o n  k i n e t i c s .  We have suggested t h e  
use o f  T i ,  V ,  o r  C r  f o r  such b a r r i e r  m a t e r i a l .  
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I n  t h i s  paper,  we e v a l u a t e  C r  as a  d i f f u s i o n  b a r r i e r  between A1 and 
N i s i ,  Pd2Si o r  P t S i .  We chose N i ,  Pd, and P t  s i l  i c i d e s  because t h e y  can 
be formed u n i f o r m l y  and r e p r o d u c i b l y  a t  r e l a t i v e l y  l o w  tempera tu res  on a  
S i  s u b s t r a t e .  P l a t i n u m  and p a l l a d i u m  s i l i c i d e s  a r e  w i d e l y  u t i l i z e d  i n  
S i  c o n t a c t  s t r u c t u r e s .  They a l s o  span a  wide range o f  usab le  SBH (0.66, 
0.74, and  0 .85 eV f o r  N i s i ,  Pd2S i ,  and P t S i ,  r e s p e c t i v e l y ) .  We 
c h a r a c t e r i z e  t h e  e l e c t r i c a l  s t a b i l i t y  o f  t h e  c o n t a c t  s t r u c t u r e  u s i n g  
b a r r i e r  h e i g h t  measurements as an i n d i c a t o r  f o r  t h e  i n t e g r i t y  o f  t h e  
S i - s i l i c i d e  i n t e r f a c e .  
The m a i n  r e s u l t s  o f  t h i s  s tudy  a r e  t w o - f o l d .  We f i r s t  e s t a b l i s h  
t h a t  w i t h  f i l m s  d e p o s i t e d  i n  a  c o n v e n t i o n a l  f a s h i o n  C r  does indeed a c t  
a s  a  s a c r i f i c i a l  b a r r i e r ,  as t h e  model p r e d i c t s .  These r e s u l t s  a l s o  
a g r e e  w i t h  most o b s e r v a t i o n s  r e p o r t e d  i n  t h e  1  i t e r a t u r e .  We 
a d d i t i o n a l l y  show, however, t h a t  C r  f a i l s  as a  d i f f u s i o n  b a r r i e r  when 
t h e  f i l m s  a r e  d e p o s i t e d  i n  a  separa te  e v a p o r a t i o n  system and a t  h i g h  
r a t e s .  Evidence suggests t h a t  i m p u r i t i e s  a r e  c r i t i c a l l y  a s s o c i a t e d  w i t h  
t h e s e  d i f f e r e n t  behav io rs .  I n  what f o l l o w s ,  we t h e r e f o r e  d i s t i n g u i s h  
be tween  r e s u l t s  o b t a i n e d  w i t h  t h e  "s low"  o r  t h e  " f a s t "  e v a p o r a t i o n  
systems. 
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Exper imenta l  Procedures 
The Scho t t ky  d i o d e s  f o r  ou r  s t u d y  were prepared on 0.003 Qcm nf 
< I l l >  s i l i c o n  s u b s t r a t e s  c o v e r e d  w i t h  a  1 0  um t h i c k ,  10 ucm n - t y p e  
-2 2 e p i - l a y e r .  The c o n t a c t  areas ( 1 . 1 6 ~ 1 0  cm ) were p h o t o l i t h o g r a p h i c a l l y  
d e f i n e d  and opened u s i n g  a  b u f f e r e d  HF i n  a  S i 0 2  l a y e r  w h i c h  was 
d e p o s i t e d  on t h e  wa fe rs  by low- temperature  chemical  vapor  d e p o s i t i o n  
(CVO). P r i o r  t o  t h e  l o a d i n g  f o r  me ta l  d e p o s i t i o n ,  t h e  wa fe rs  were 
e tched f o r  10 sec i n  1:10 HF. The m e t a l s  ( N i ,  Pd o r  P t ) ,  C r  and A1 were 
s e q u e n t i a l l y  evaporated w i t h o u t  b r e a k i n g  t h e  vacuum a t  p ressures  l e s s  
t h a n  5  x  l o - '  t o r r .  The d e p o s i t i o n s  were conducted i n  two systems which 
a r e  c o n s t r u c t e d  s i m i l a r l y ;  b o t h  use i o n  pumps and e-guns. The o n l y  
d i f f e r e n c e  was t h e  d e p o s i t i o n  r a t e  o f  t h e  m e t a l  l a y e r s .  I n  t h e  f i r s t  
0 
( " s l o w " )  system, t h e  d e p o s i t i o n  r a t e  was 10-30 A lsec w i t h  i n t e r m i t t e n t  
h o l d s  due t o  t h e  manual c o n t r o l ,  w h i l e  i n  t h e  o t h e r  ( " f a s t " )  system, t h e  
0 
d e p o s i t i o n  was m a i n t a i n e d  a u t o m a t i c a l l y  a t  a  f i x e d  r a t e  o f  50 Alsec.  We 
a l s o  p r e p a r e d  samples o n l y  w i t h  s i l i c i d e  ( n o  C r  o r  A l )  and w i t h o u t  t h e  
Cr b a r r i e r .  For  compar ison,  t h e  s i l i c i d e s  o f  some samples were prepared 
i n - s i t u ( a t  400°C)  b e f o r e  t h e  C r  and A1 w e r e  d e p o s i t e d .  L a r g e - a r e a  
samples were prepared s i m u l t a n e o u s l y  f o r  b a c k s c a t t e r i n g  spec t romet ry  
( 6 s )  a n a l y s i s .  Subsequent hea t  t r e a t m e n t s  were per formed i n  a  vacuum 
f u r n a c e  a t  p ressures  l e s s  t h a n  8 x lo- '  t o r r ,  o r  i n  N  f l o w  i n  an open 2 
t u b e  fu rnace .  
The SBH was determined f rom f i t s  o f  t h e  fo rward  I - V  d a t a  t o  t h e  
i d e a l  t h e r m i o n i c  emiss ion  model .  The r e v e r s e  s a t u r a t i o n  c u r r e n t  and 
Norde p l o t s  were a1 so employed, where f e a s i b l e ,  t o  c o n f i r m  t h e  r e s u l t s .  
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4  + E lementa l  p r o f i l e s  were d e t e c t e d  u s i n g  BS w i t h  a  2  MeV He beam. 
R e s u l t s  and D i s c u s s i o n  
1 )  Th in  F i l m  I n t e r a c t i o n s .  
To pe r fo rm as a  s a c r i f i c i a l  b a r r i e r  C r  must  r e a c t  u n i f o r m l y  
w i t h  t h e  t o p  A1 f i l m  and w i t h  t h e  bot tom s i l i c i d e  l a y e r .  It i s  known 
t h a t  C r  r e a c t s  u n i f o r m l y  w i t h  A l ,  f o r m i n g  CrA17(2) .  The C r  consumpt ion 
"2 
r a t e  i s  4.5 x  1014 x exp(-1 .91 eV/kT) A sec- ' (2)  f o r  a n n e a l i n g  i n  d r y  
n i t r o g e n  atmosphere a t  300 - 450°C tempera tu re  range. The r e a c t i o n  o f  
C r  w i t h  Pd2S i  has  b e e n  i n v e s t i g a t e d  b y  O l o w o l a f e ,  e t  a1 . ( 3 ) ,  who 
demonst ra te  t h e  u n i f o r m  l a y e r - b y - l a y e r  g rowth  o f  CrS i2  on Pd2Si. Also,  
Z i n g u ,  e t  a1 . (4) ,  have c l e a r l y  shown t h a t  t h e  growth r a t e  o f  CrS i2  w i t h  
a n  i n t e r p o s e d  Pd2S i  l a y e r  i s  e q u a l  t o  o r  s l o w e r  t h a n  t h a t  on S i ,  
d e p e n d i n g  on t h e  Pd2Si t h i c k n e s s .  P r e v i o u s  s t u d i e s  o f  CrS i2  g rowth  on 
P t S i ( 5 , 6 )  o r  N i S i ( 6 )  have demonstrated a  u n i f o r m  l a y e r - b y - l a y e r  growth 
o f  C r S i  2. 
U t i l i z i n g  ou r  s low system , we have i n v e s t i g a t e d  t h e  r e a c t i o n  
o f  C r  f i l m s  w i t h  P t S i  and N i s i  f i l m s  on S i .  For these  s t u d i e s ,  we have 
used  an i n i t i a l  c o n f i g u r a t i o n  o f  S i / m e t a l / C r  o r  S i /me ta l  s i l  i c i d e / C r ;  
upon annea l ing ,  t h e  former  w i l l  t r a n s f o r m  i n t o  t h e  l a t t e r  a t  
t e m p e r a t u r e s  much be low t h o s e  a t  wh ich Cr b e g i n s  t o  r e a c t .  The u n i f o r m  
f o r m a t i o n  o f  C r S i 2  on P t S i  i s  shown i n  F ig .  1 .  S i m i l a r  r e s u l t s  a r e  
observed f o r  < S i > / N i S i  s u b s t r a t e s .  There i s  no d e t e c t a b l e  ( u s i n g  BS) 
m i x i n g  between t h e  growing C r S i 2  l a y e r  and t h e  u n d e r l y i n g  s i l i c i d e .  We 
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h a v e  shown(7) t h a t  t h e  g rowth  r a t e  o f  CrS i2  on <Si>/PtS i  i s  s lower  t h a n  
on <S i>  s u b s t r a t e  a t  t h e  same temperatures .  A lso,  t h e r e  i s  a  d e l a y  t i m e  
b e f o r e  t h e  C r S i 2  f o r m a t i o n  s t a r t s .  T h i s  d e l a y  t i m e  i s  l o n g e r  f o r  
S i / m e t a l / C r  s t r u c t u r e s  t h a n  f o r  S i / s i l i c i d e / C r  s t r u c t u r e s  t h a t  were 
formed u s i n g  in-situ h e a t e r .  
Chromium was e v a l u a t e d  m e t a l l u r g i c a l l y  as a  d i f f u s i o n  b a r r i e r  
between Pd2Si and A l ( 8 )  and e l e c t r i c a l l y  between P t S i  and A l ( 9 ) .  I t was 
s h o w n ( 8 )  t h a t  C r  a c t s  a s  a  s a c r i f i c i a l  b a r r i e r  and  i n h i b i t s  t h e  
i n t e r a c t i o n  o f  A1 and  Pd2Si  u p  t o  9 0  m i n  a t  500°C. No e l e c t r i c a l  
e v a l u a t i o n s  o f  t h i s  c o n t a c t  s t r u c t u r e  were r e p o r t e d .  But  on P t S i ,  i t  
has  been  r e p o r t e d  t h a t  t h e r e  i s  a  sharp d r o p  i n  t h e  SBH a f t e r  t h e  C r  
l a y e r  i s  c o m p l e t e l y  consumed by  CrA17 f o r m a t i o n ( 9 ) .  We conc lude t h a t  
m e t a l l u r g i c a l l y ,  C r  i s  adequate f o r  a  s a c r i f i c i a l  b a r r i e r  on t o p  o f  N i s i  
a n d  P t S i  f r o m  o u r  s t u d i e s  ( " s l o w "  s y s t e m ) ,  and  f o r  Pd2Si  f r o m  t h e  
r e s u l t s  o f  Refs. ( 3 , 4  and 8 ) .  
2 )  E l e c t r i c a l  S t a b i l  i t y .  
Techno1 o g i c a l l  y ,  t h e  process o f  s e q u e n t i a l  d e p o s i t i o n  w i t h o u t  
s i  1  i c i d e  f o r m a t i o n  ( m e t a l / C r / A l )  i s  p r e f e r a b l e  s i n c e  i t  e l i m i n a t e s  t h e  
need f o r  in-situ h e a t i n g  and a l l o w s  f o r  a  s i n g l e  s i n t e r i n g  s t e p  o u t s i d e  
o f  t h e  evapora to r .  I n  ou r  e l e c t r i c a l  measurements, we found no b a s i c  
d i f f e r e n c e  between t h e  b e h a v i o r  o f  t h e  S i / s i l i c i d e / C r / A l  and t h e  
S i / m e t a l / C r / A l  s t r u c t u r e s .  The reason i s  t h a t  t h e  meta l  s i l i c i d e  forms 
much b e f o r e  any o t h e r  r e a c t i o n  t a k e s  p l a c e  i n  t h e  above s t r u c t u r e s .  Our 
s h o r t e s t  a n n e a l i n g  t i m e  w i l l  t r a n s f o r m  a l l  t h e  m e t a l  u n d e r  t h e  C r  
Appendix - 57 - 
b a r r i e r  t o  t h e  s i l i c i d e  l a y e r .  We t h u s  c o n s i d e r  o n l y  t h e  S i /me ta l /C r /A l  
s t r u c t u r e s  and compare them w i t h  t h e  S i I m e t a l l A l  and t h e  S i l s i l i c i d e  
s t r u c t u r e s .  The samp les  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s  were  
produced i n  t h e  "s low"  Cr e v a p o r a t i o n  system and annealed i n  vacuum. 
a)  N i s i .  
F a i l u r e  o f  t h e  S i / N i S i / A l  c o n t a c t  s t r u c t u r e  i s  r e p o r t e d ( l 0 - 1 2 )  
t o  o c c u r  a t  400°C a f t e r  a  v e r y  s h o r t  annea l ing .  The compound, NiA13, 
fo rms and t h e  SBH r i s e s  above 760 mV. For  such samples, we observed SBH 
a s  h i g h  a s  800 mV f o l l o w i n g  350°C, 20 m i n  vacuum annea l ing .  On t h e  
0 0 0 
o t h e r  hand, i s o c h r o n a l  a n n e a l i n g  o f  <Si> /600 A  N i l 7 0 0  A  Cr l6000 A A1 
s t r u c t u r e s  f o r  20 m i n  a t  350, 400, and 450°C produced no change i n  t h e  
SBH ( F i g .  2 ) .  Based on Ref. 1 ,  a  f a i l u r e  i s  p r e d i c t e d  a f t e r  20 m in  a t  
465°C. A t  500°C f o r  20 min,  t h e  b a r r i e r  i ndeed  f a i l s .  The SBH r i s e s  
f r o m  667 mV (wh ich  i s  t h e  b a r r i e r  h e i g h t  o f  N i s i )  t o  680 mV w i t h  an 
i n c r e a s e  i n  t h e  i d e a l i t y  f a c t o r .  We presume t h a t  t h i s  i s  due  t o  
l o c a l i z e d  f a i l u r e s ,  s i m i l a r  t o  t h e  f a i l u r e  mode t h a t  was suggested f o r  
t u n g s t e n  b a r r i e r ( l 2 ) .  
The i n s t a b i l  i t y  o f  t h e  S i /Pd2S i /A l  s t r u c t u r e  was thorough1 y  
i n v e s t i g a t e d ( l 3 - 1 5 ) .  A complex t e r n a r y  phase i s  observed upon a n n e a l i n g  
a t  t e m p e r a t u r e s  as l o w  as 200°C(16). The SBH f i r s t  decreases a f t e r  10 
m i n  a t  300°C and t h e n  r i s e s  above i t s  i n i t i a l  v a l u e ( l 3 ) .  We show t h a t  
0 e 
t h e  e l e c t r i c a l  s t a b i l i t y  o f  a  < S i > / 6 5 0  A PdJ1700 A  C r / 7 0 0 0  A A1 
s t r u c t u r e  a t  450°C i s  m a i n t a i n e d  f o r  a b o u t  120  m i n  ( F i g .  3 ) .  The 
b a r r i e r  h e i g h t  o f  Pd2Si, 0.74 eV i s  m a i n t a i n e d  and t h e  i d e a l i t y  f a c t o r  
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i s  c o n s t a n t  b e f o r e  t h e  c o n t a c t  f a i l s .  C a l c u l a t i o n  based on o u r  mode l (1 )  
p r e d i c t s  about  100 m in  b e f o r e  t h e  b a r r i e r  i s  f u l l y  consumed which agrees 
w e l l  w i t h  t h e  f a c t s .  
c )  P t S i .  
The h i g h  v a l u e  o f  t h e  SBH o f  P t S i  (850 mV) makes t h i s  c o n t a c t  
v e r y  s e n s i t i v e  t o  a n y  change  a t  t h e  S i / P t S i  i n t e r f a c e .  I t  was 
r e p o r t e d ( l 7 )  t h a t  t h e  S i / P t S i / A l  s t r u c t u r e  shows a  r e d u c t i o n  i n  t h e  SBH 
when a l l  t h e  P t  i n  t h e  s i l i c i d e  i s  t rans fo rmed  t o  PtA12. We f i n d ,  f o r  
t h e  S i / P t / A l  sample, an immediate decrease o f  SBH a f t e r  350°C, 20 m in  
0 0 
a n n e a l i n g  o f  samples w i t h o u t  a  C r  b a r r i e r  ( < S i > / 5 0 0  A  P t l 5 7 0 0  A A l ,  see 
F i g .  2 ) .  A l so ,  BS s p e c t r a  i n d i c a t e  t h a t  t h e  a tomic  compos i t i on  o f  t h e  
r e a c t e d  l a y e r  i s  q u i t e  A l - r i c h  (abou t  1 :6  P t  t o  A1 a t m i c  r a t i o )  and 
t h a t  about  0.25 a t .  % P t  i s  c o n t a i n e d  i n  t h e  rema in ing  A1 l a y e r .  The 
0 
e f f e c t  o f  thermal  a n n e a l i n g  on a  <Si> /700 A P t  sample i s  d e s c r i b e d  i n  
F i g .  2, a l s o ,  b e c a u s e  f o r  t h i s  s i l i c i d e ,  t h e  SBH i s  a l t e r e d  b y  
a n n e a l i n g ( l 8 )  even w i t h o u t  A l .  F i g u r e  2  shows t h a t  a f t e r  20 m i n  o f  
annea l ing ,  t h e  c o n t a c t  s t r u c t u r e  <Si>/630 i Pt/1350 i Cr/9500 i A1 
s t a r t s  t o  f a i l  above 45O0C, where t h e r e  i s  a  s l i g h t  decrease i n  t h e  SBH 
o f  P t S i  f r o m  0.85 eV t o  0.83 eV. The s a c r i f i c i a l  b a r r i e r  model  
p r e d i c t s ( 1 )  f a i l u r e  a f t e r  20 m i n  a t  485"C, w h i c h  we c o n s i d e r  i n  
e x c e l l e n t  agreement. A f t e r  t h i s  450°C annea l ing ,  BS a n a l y s i s  r e v e a l s  
t h a t  i n d e e d  t h e r e  i s  a  r e a c t i o n  between t h e  A1 and P t S i ,  b u t  presumably 
n o t  a l l  t h e  P t S i  i s  consumed. F o l l o w i n g  a  50O0C, 20 m in  annea l ing ,  P t  
( a t  l o w  c o n c e n t r a t i o n )  was d e t e c t e d  i n  t h e  CrA17 l a y e r  and, as seen f rom 
t h e  e l e c t r i c a l  measurements, t h e  c o n t a c t  has f a i l e d .  
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3 )  I m p u r i t i e s  E f f e c t .  
To check o u r  r e s u l t s ,  we a l s o  prepared samples i n  t h e  " f a s t "  
vacuum evapora to r .  I n  t h i s  case, reduced con tamina t ion  l e v e l s  
( p a r t i c u l a r l y  o f  02) a r e  expected.  I n  a  p r e v i o u s  s t u d y ( l 9 )  done w i t h  
t h e  "s low"  system, about  7  at.% oxygen were d e t e c t e d  ( u s i n g  SIMS) i n  t h e  
a s - d e p o s i t e d  C r  l a y e r .  For  C r  f i l m s  d e p o s i t e d  i n  t h e  " f a s t "  system, we 
f0ound by  BS t h a t  t h e  C r  r e a c t i o n  r a t e  w i t h  A1 was about 10 t i m e s  f a s t e r  
t h a n  p r e d i c t e d  i n  Ref.  ( 1 )  a t  460°C o r  t h a n  observed w i t h  t h e  "s low"  
sys tem.  T h i s  a n n e a l i n g  was conducted i n  an open t u b e  fu rnace  w i t h  N2 
f l o w .  When t h e  a n n e a l i n g  was conducted i n  vacuum, t h e  CrA1, f o r m a t i o n  
r a t e  was a t  l e a s t  100 t i m e s  f a s t e r  t h a n  t h e  "s low"  case. These samples 
had a  v e r y  t h i c k  ( 2  m) A1 l a y e r ,  b u t  a p p a r e n t l y  t h e  i m p u r i t i e s  f rom t h e  
a n n e a l i n g  env i ronment  d i f f u s e  q u i t e  e a s i l y  t h r o u g h  t h e  A1 l a y e r  a t  
460°C. It i s  i m p o r t a n t  t o  n o t e  t h a t  even f o r  such h i g h  r e a c t i o n  r a t e s  
t h e  CrA17 forms q u i t e  u n i f o r m l y .  
To check t h e  e f f e c t  o f  i m p u r i t i e s  i n  t h e  A1 l a y e r ,  we prepared a  
sample  i n  t h e  " f a s t "  system, b u t  stopped t h e  A1 d e p o s i t i o n  a f t e r  about 
0 
2000 A. The system was opened t o  a i r  b r i e f l y  ( t h i n  A1 o x i d e  f o r m a t i o n ) ,  
and  t h e n  pumped down aga in  and t h e  d e p o s i t i o n  was f i n i s h e d  ( i n  s i m i l a r  
vacuum c o n d i t i o n s )  u n t i l  a b o u t  2 m  A1 were  d e p o s i t e d .  I n  t h e s e  
s a m p l e s ,  no r e a c t i o n  was observed a f t e r  3  h  a t  460°C, and e l e c t r i c a l l y ,  
t h e  b a r r i e r  h e i g h t  o f  t h e  u n d e r l y i n g  N i s i  was ma in ta ined .  These r e s u l t s  
d i r e c t l y  demonst ra te  t h a t  i m p u r i t i e s  do indeed a f f e c t  t h i s  c o n t a c t  
s t r u c t u r e .  
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4 )  S a c r i f i c i a l  B a r r i e r  Ho ld ing  Time. 
The h o l d i n g  t i m e  o f  t h e  C r  b a r r i e r  prepared i n  t h e  "s low"  
s y s t e m  r e p o r t e d  a b o v e  and  i n  R e f .  ( 9 )  a g r e e s  q u i t e  w e l l  w i t h  o u r  
p r e d i c t i o n  based on i n d i v i d u a l  r e a c t i o n  r a t e s ( 1 )  . 
On t h e  o t h e r  hand, t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  f a s t  system 
i n d i c a t e  t h a t  t h e s e  r a t e s  a r e  system-dependent. The r a t e s  o f  r e a c t i o n  
b e t w e e n  C r  and A1 r e p o r t e d  by Ref. (2 )  and t h o s e  e x t r a c t e d  f rom h o l d i n g  
t i m e s  o f  Pd2Si /Cr /A l  ( 8 ) ,  P t S i / C r / A l ( 9 )  and our  s t u d i e s  a r e  a l l  
c o n s i s t e n t  w i t h  each o t h e r ,  a l t h o u g h  d i f f e r e n t  systems a r e  i n v o l v e d .  
One i s  t h u s  f o r c e d  t o  conc lude t h a t  a t  l e a s t  t h e  Cr/A1 r e a c t i o n  must be 
r e l a t i v e l y  i n s e n s i t i v e  t o  i m p u r i t i e s  above some t h r e s h o l d ,  b u t  v e r y  
s e n s i t i v e  be low t h a t .  The i d e n t i f i c a t i o n  o f  t h e  i m p u r i t i e s  t h a t  a f f e c t  
t h e  C r / A l  r e a c t i o n  and i t s  q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  t h e r e f o r e  
emerges as one o f  t h e  i m p o r t a n t  i s s u e s  r a i s e d  by  t h e  p r e s e n t  s tudy.  A 
c o r o l l a r y  o f  these  o b s e r v a t i o n s  i s  t h a t  t h e  n o t i o n  o f  a  s a c r i f i c i a l  
b a r r i e r  may have t o  be recons idered,  because i t  i s  c o n c e i v a b l e  t h a t  i n  
r e a l i t y  i m p u r i t i e s  must a1 ways be p resen t  t o  r e a l i z e  t h a t  concept.  
T i t a n i u m  f i l m s  have a l s o  been i n v e s t i g a t e d  f o r  s a c r i f i c i a l  
b a r r i e r  a p p l i c a t i o n .  One w o u l d  e x p e c t ,  i n  l i g h t  o f  t h e  p r e c e d i n g  
comments ,  t h a t  i n c o n s i s t e n c i e s  s h o u l d  a p p e a r  i n  t h e  h o l d i n g  t i m e s  
r e p o r t e d  f o r  b a r r i e r  s t r u c t u r e  prepared i n  d i f f e r e n t  systems. Indeed, 
c o n f l i c t i n g  r e s u l t s  e x i s t  as t o  t h e  use fu lness  o f  T i  as a  b a r r i e r .  
Solomonson, e t  a1 . (20) ,  show t h a t  T i  r e a l l y  works as a  s a c r i f i c i a l  
b a r r i e r  and r e a c t s  u n i f o r m l y  w i t h  t h e  s i l i c i d e  and  t h e  A1 l a y e r .  
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Merchant, e t  a1 . (9) ,  a l s o  t e s t e d  T i  as a  b a r r i e r  between P t S i  and A1 and 
found t h a t  t h e  SBH i s  c o n s t a n t  as l o n g  as  some unreac ted  T i  i s  l e f t .  On 
t h e  o t h e r  hand, t h e  same system was r e p o r t e d  by  T ing  and Crowder (21)  t o  
f a i l  much f a s t e r  t h a n  p r e d i c t e d  by  ou r  o r i g i n a l  mode l (1 ) .  From t h e i r  
" 2 d a t a ,  we deduce a  T i  consumpt ion r a t e  o f  about  140 A sec-' a t  40O0C, 
" 2 w h i l e  we p r e d i c t  o n l y  20 A  sec-' based on Bower(22).  
Conc lus ions 
The concept  o f  a  s a c r i f i c i a l  b a r r i e r  depends on two assumpt ions:  
( i )  t h a t  t h e  r e a c t i o n s  a t  b o t h  i n t e r f a c e s  o f  t h e  b a r r i e r  l a y e r  be 
l a t e r a l l y  u n i f o r m ,  and  ( i i )  t h a t  t h e  r e a c t i o n  r a t e s  b e  known and 
r e p r o d u c i b l e .  The f u l f i l l m e n t  o f  t h e s e  assumpt ions w i l l  a l l o w  t h e  
d e s i g n  o f  a  s a c r i f i c i a l  b a r r i e r  as o u t l i n e d  i n  Ref.  ( 1 ) .  I n  t h e  cases 
o f  C r  and T i ,  we f i n d  v a s t  v a r i a t i o n s  i n  t h e  r e a c t i o n  r a t e s  w i t h  A l ,  
depending on t h e  d e p o s i t i o n  c o n d i t i o n s .  The second requ i rement  o f  known 
and r e p r o d u c i b l e  r e a c t i o n  r a t e s  i s  t h u s  n o t  f u l f i l l e d .  That f a i r l y  
c o n s i s t e n t  v a l u e s  f o r  t h e  Cr-A1 r e a c t i o n  have n e v e r t h e l e s s  been r e p o r t e d  
b y  independent i n v e s t i g a t o r s  s t r o n g l y  suggests  t h a t  i m p u r i t i e s  may 
a c t u a l l y  h e l p  i n  e q u a l i z i n g  r e a c t i o n  r a t e s .  By t h e  same t o k e n ,  
i m p u r i t i e s  may a l s o  improve t h e  l a t e r a l  u n i f o r m i t y  o f  a  r e a c t i o n  by 
r e d u c i n g  g r a i n  boundary d i f f u s i o n .  The success fu l  imp lementa t ion  o f  a  
s a c r i f i c i a l  b a r r i e r  may t h u s  u l t i m a t e l y  depend on t h e  p r e s e n c e  o f  
i m p u r i t i e s ,  i n  wh ich case t h e  concept of a s a c r i f i c i a l  b a r r i e r  emerges 
a s  a  mere s p e c i a l  case o f  a  s t u f f e d  b a r r i e r .  The s a c r i f i c i a l  b a r r i e r  
may t h e n  be implemented f o r  s p e c i f i c  cases and i n  s p e c i f i c  systems where 
i m p u r i t i e s  a r e  i n c o r p o r a t e d  c o n s i s t e n t l y  from r u n  t o  run.  
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P r a c t i c a l l y ,  t h e  c o n t r o l  o f  i m p u r i t i e s  i n  t h e  f i l m  d e p o s i t i o n  o r  
d u r i n g  a n n e a l i n g  i s  d i f f i c u l t .  A  d e l i b e r a t e  i n c o r p o r a t i o n  o f  i m p u r i t i e s  
i n  t h e  b a r r i e r  (making i t  a  s t u f f e d  b a r r i e r )  i n  an amount wh ich exceeds 
t h a t  needed  t o  s l o w  t h e  r e a c t i o n  i s  a  p r e f e r a b l e  p r o c e d u r e .  The 
u t i l i z a t i o n  o f  C r ( 2 3 )  o r  A l ( 2 4 )  doped w i t h  oxygen was a l r e a d y  suggested 
b y  o t h e r s .  It was shown( l9)  t h a t  oxygen i n  t h e  Si i s  more e f f e c t i v e  i n  
s l o w i n g  down C r S i 2  f o r m a t i o n  t h a n  oxygen i n  t h e  Cr,  p r o b a b l y  due t o  t h e  
f a c t  t h a t  S i  i s  t h e  mov ing spec ies .  S ince i n  CrA1, f o r m a t i o n  A1 i s  
e x p e c t e d  t o  b e  t h e  m o v i n g  s p e c i e s ( 2 ) ,  i t  may v e r y  w e l l  b e  t h a t  
i m p u r i t i e s  i n  t h e  A1 l a y e r  have a  dominant r o l e  i n  s l o w i n g  t h e  r e a c t i o n  
r a t e .  Indeed, we observed no d e g r a d a t i o n  o f  t h e  SBH even a f t e r  500°C 
when t h e  A1 was " s t u f f e d "  w i t h  i m p u r i t i e s  - p r o b a b l y  m o s t l y  oxygen. 
Chrmium can b e  u t i l i z e d  as a  b a r r i e r  between A1 and N i s i ,  Pd2Si, 
and P t S i  a t  450°C, i f  t h e  a p p r o p r i a t e  amount o f  i m p u r i t i e s  i s  
i n c o r p o r a t e d  i n  t h e  f i l m .  Our s tudy  does n o t  q u a n t i f y  t h i s  amount, b u t  
f r o m  o u r  e x p e r i e n c e  we c a n  s a y  t h a t  t h e  e v a p o r a t i o n  p e r f o r m e d  a t  
p r e s s u r e  h i g h e r  t h a n  1 x  l o m 6  t o r r  a t  a  r a t e  l o w e r  t h a n  10 i / s e c  w i l l  
r e s u l t  i n  f i l m s  w i t h  a  s u f f i c i e n t  amount o f  i m p u r i t i e s  t o  make t h e  
b a r r i e r  e f f e c t i v e .  
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ENERGY (MeV) 
F i g u r e  1 S i  1 i c i d e  f o r m a t i o n  o f  P t / C r  b i l a y e r .  F i r s t  p l a t i n u m  
s i l i c i d e  i s  formed and t h e n  a t  h i g h e r  temperatures  
c h r m i u m  d i s i l  i c i d e  i s  formed. 
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F i g u r e  2 Scho t t ky  B a r r i e r  H e i g h t  (SBH) o f  i s o c h r o n a l  anneal o f :  
< S i > / 5 9 0  i N i ,  " <Si> /600 i N i l 7 0 0  i Cr/6000 i A l ,  
0 D 
x c S i > / 7 0 0  A P t ,  A < S i > / 5 0 0  A P t l 5 7 0 0  A A1 and  
< ~ i > / 6 3 0  i P t l 1 3 5 0  i C r l 9 4 4 0  A l .  (Formed i n  
"s low"  d e p o s i t i o n  system.) 
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F i g u r e  3 S c h o t t k y  B a r r i e r  He igh t  (SBH) o f  <Si> /650 i Pd11700 i 
C r / 7 0 0 0  A A1 as  a  f u n c t i o n  o f  i s o t h e r m a l  vacuum 
a n n e a l i n g  a t  450°C. The i d e a l i t y  f a c t o r  i s  a l s o  
d e p i c t e d .  (Formed i n  "s low"  d e p o s i t i o n  system.) 
